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ABSTRACT

The selective oxidation of methane into liquid oxygenates such as methanol and acetic acid
represents one of the most compelling challenges in modern catalysis. Methane is abundant
yet extremely inert because of its strong C-H bond, and under oxidative conditions it
rapidly overoxidizes to COs. Developing catalysts that can activate methane at moderate
temperatures while controlling product selectivity is therefore of great importance for both
energy and chemical industries. This thesis addresses this challenge through the design
of molecularly well-defined, single-site metal catalysts immobilized within metal-organic
frameworks (MOFs), which provide a unique platform to isolate active centers, tune their
coordination environments, and stabilize reactive intermediates that are difficult to control

in conventional heterogeneous systems.

MOFs offer high porosity, structural modularity, and the ability to anchor active sites
with near-molecular precision. By integrating monomeric Cu or mono- and dinuclear Fe
hydroxyl units into tailored MOF architectures such as MIL-53(Al), MOF-253(Al), and
bipyridyl-functionalized UiO frameworks, this research demonstrates how active-site nu-
clearity, ligand environment, and pore confinement collectively govern oxygen activation
pathways and reaction selectivity. Across the thesis, these catalysts enable the conversion
of methane selectively into acetic acid or methanol using O, as the sole oxidant, operating
under significantly milder conditions than traditional systems. Beyond methane, the work
extends to the oxidation of benzene and styrene, where shape-selective pores and isolated Fe

hydroxyl centers allow highly selective formation of phenol, benzaldehyde, or benzoic acid.

Each chapter combines advanced synthetic strategies, comprehensive spectroscopic char-
acterization (XPS, XAS, EPR, PXRD, BET), and DFT calculations to establish detailed
structure-activity relationships. The findings demonstrate how the precise engineering of
mono- versus dinuclear active sites inside MOFs enables control over radical and non-radical
pathways, suppresses overoxidation, and enhances both activity and selectivity. Overall, this

thesis highlights MOFSs as powerful platforms for developing earth-abundant, recyclable, and
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selective oxidation catalysts, providing molecular-level insights that can guide future catalyst

design for hydrocarbon functionalization.

Chapter 1: Introduction to Metal-Organic Frameworks and Single-Site Cat-
alysts.

This chapter provides an overview of metal-organic frameworks (MOFs) as crystalline,
modular platforms for designing catalytically active sites with molecular precision. The
tunable connectivity between metal nodes and organic linkers enables the construction of
well-defined coordination environments that emulate enzymatic pockets while maintaining
heterogeneous stability. Emphasis is placed on the role of linker functionality and post-
synthetic metalation in tailoring the electronic and geometric structure of the active cen-
ters. The discussion traces the evolution of MOFs from inert porous hosts to redox-active
catalytic materials, particularly those incorporating Fe and Cu sites capable of facilitating
small-molecule activation and selective oxidation chemistry. By highlighting advances in
framework engineering, site isolation, and cooperative multinuclear design, this chapter es-
tablishes the conceptual foundation for the Fe- and Cu-based catalytic systems discussed in

the subsequent chapters.
Chapter 2: Materials and Methods.

This chapter summarizes the experimental procedures and characterization methods used
throughout this work. All starting materials, reagents, and solvents were obtained from reli-
able commercial suppliers, with purification and drying performed when required. Glassware
and reactors were cleaned using standardized solvent rinses and specialized treatments to
ensure contamination-free synthesis. High-pressure methane and oxygen reactions were car-
ried out in reinforced reactors under strict safety protocols, while air- and moisture-sensitive
steps were conducted using Schlenk techniques or in an inert-atmosphere glovebox. A com-
prehensive suite of analytical tools was employed to characterize the structural, textural,
and electronic properties of the MOF-based catalysts. PXRD, BET, FT-IR, TGA, SEM-
EDX, ICP-OES, XPS, EPR, and XAS provided detailed insight into crystallinity, porosity,
functional groups, metal loading, oxidation states, and local coordination environments.
Reaction mixtures were analyzed using NMR, GC, and HPLC for accurate product identi-
fication and quantification. Complementary density functional theory (DFT) calculations

were performed to probe active-site structures, reaction energetics, and mechanistic path-
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ways. Together, these methods establish a rigorous and reproducible foundation for the

catalytic studies presented in this thesis.

Chapter 3: Copper Catalyzed Selective Methane Oxidation into Acetic Acid

using Os.

The direct transformation of methane into Cy oxygenates such as acetic acid selectively
using molecular oxygen (Oz) is a significant challenge due to the chemical inertness of
methane, the difficulty of methane C-H bond activation/C-C bond coupling and the ther-
modynamically favored over-oxidation. In this study, we have successfully developed a
porous aluminium metal-organic framework (MOF)-supported single-site mono-copper(II)
hydroxyl catalyst [MIL-53(Al)-Cu(OH)|, which is efficient in directly oxidizing methane to
acetic acid in water at 175 °C with a remarkable selectivity using only O,. This hetero-
geneous catalyst achieved an exceptional acetic acid productivity of 11796 mmolcnscosn
molc, ™t h'! in 9.3% methane conversion with 95% selectivity in the liquid phase and can be
reused at least 6 times. Our experiments, along with computational studies and spectro-
scopic analyses, suggest a catalytic cycle involving the formation of a methyl radical ('CHz).
The confinement of Cu-active sites within the porous MIL-53(Al) MOF facilitates C-C bond
coupling, resulting in the efficient formation of acetic acid with excellent selectivity due to
the internal mass transfer limitations. This work advances the development of efficient and
chemoselective earth-abundant metal catalysts using MOFs for the direct transformation of

methane into value-added products under mild and eco-friendly conditions.

Chapter 4: Dinuclear Iron(II)-Hydroxyl Active Sites for Selective Methane
Ozxidation to Acetic Acid Using O

The selective oxidation of methane to liquid oxygenates using molecular oxygen under
mild conditions remains a major challenge due to the inertness of methane and the competing
overoxidation reactions. This chapter describes the development of a dinuclear bipyridyl
Fe(II) hydroxyl catalyst confined within the porous MOF-253(Al) framework, denoted as
MOF-253-Fe,, featuring a [(bpy)Fe!(u2-OH)(OH)| active site. The catalyst exhibits 100%
liquid selectivity toward acetic acid with a productivity of 2,757 mmolcn,co,n Mol ht
at 160 °C. Detailed spectroscopic studies reveal that the confinement of the dinuclear Fe
centers within the MOF facilitates redox cooperativity and multi-electron transfer, enabling

efficient O, activation and methane C-H bond activation followed by C-C coupling with
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in situ generated CO to yield acetic acid. The formation of a [(bpy)Fe™ (u2-OH)(OH)s)s
intermediate is proposed as the key step in the catalytic cycle. These findings highlight the

crucial role of binuclear site design in achieving selective methane-to-acetic acid conversion.

Chapter 5: Mononuclear Iron(II)-Hydroxyl Active Sites for Selective Methane
Ozxidation to Methanol Using O,

Direct oxidation of methane to methanol using Os under mild conditions is highly de-
sirable yet challenging due to methane’s chemical inertness and the tendency of methanol
to overoxidize. This chapter presents a mononuclear bipyridyl Fe(II) hydroxyl catalyst sup-
ported on MOF-253(Al), designated as MOF-253-Fe, containing a (bpy)Fe'(OH), active
site. The catalyst achieves a methanol productivity of 6,060 mmolcg,on molg,™ h™t with
96% selectivity in the aqueous phase at 95 °C. Spectroscopic investigations suggest that the
isolated Fe(II)-OH centers promote selective C-H hydroxylation through a radical-mediated
pathway, efficiently activating Oy and methane without further oxidation of methanol. In
contrast to the dinuclear analogue, MOF-253-Fe operates via single-site redox chemistry, em-
phasizing the importance of active site nuclearity in dictating product selectivity. This work
provides mechanistic insight into the design of MOF-supported Fe catalysts for selective

methane-to-methanol conversion.

Chapter 6: Bipyridyl based Metal-Organic Framework for Selective Hydrox-

ylation of Benzene into Phenol

Direct hydroxylation of benzene to phenol is more appealing in the industry for the
economic and environmentally friendly phenol synthesis than the conventional cumene pro-
cess. We have developed a UiO-metal-organic framework (MOF)-supported mono bipyridyl-
Iron(IT) hydroxyl catalyst [bpy-UiO-Fe(OH),| for the selective benzene hydroxylation into
phenol using HyO, as the oxidant. The heterogeneous bpy-UiO-Fe(OH), catalyst showed
high activity and remarkable phenol selectivity of 99%, giving the phenol mass-specific ac-
tivity up to 1261 mmolppon gre ! h™t at 60 °C. Bpy-UiO-Fe(OH)s, is significantly more active
and selective than its homogeneous counterpart, bipyridine-Fe(OH),. This enhanced cat-
alytic activity of bpy-UiO-Fe(OH), over its homogeneous control is attributed to the active
site isolation of the bpy-Fe(OH)y moiety by the solid MOF that prevents intermolecular
decomposition. Moreover, the exceptional selectivity of bpy-UiO-Fe(OH), in benzene to

phenol conversion is originated via shape-selective catalysis, where the confined reaction




space within the porous UiO-MOF prevents the formation of larger overoxidized products
such as hydroquinone or benzoquinone, leading to the formation of only smaller-sized phenol
after monohydroxylation of benzene. Spectroscopic and controlled experiments and theoret-
ical calculations elucidated the reaction pathway, in which the in situ generated ‘OH radical
mediated by bpy-UiO-Fe!'(OH), is the key species for benzene hydroxylation. This work un-
derscores the significance of MOF-supported earth-abundant metal catalysts for sustainable

production of fine chemicals.

chapter 7: Mononuclear Bipyridyl-Iron(11I) Hydrozide in Metal-Organic Frame-

work for Selective Alkene Oxidation

The selective oxidation of styrene to value-added products such as benzaldehyde and
benzoic acid is of significant industrial importance. We report the design of a single-site
iron catalyst supported on a bipyridine-functionalized metal-organic framework, bpy-UiO-
Fe(OH)3, which enables selective oxidation of styrene into benzaldehyde or benzoic acid
using HyO, as the oxidant. Systematic optimization of solvent composition, temperature,
and reaction time revealed that benzaldehyde can be obtained with 100% selectivity at 80 °C
in 8 h, while prolonged reactions furnish benzoic acid in high yields. Control experiments
confirmed the heterogeneous, single-site nature of the catalyst, which remained structurally
robust and can be recycled at least three times with negligible Fe leaching. Mechanistic
studies suggest a non-radical pathway involving epoxide and diol intermediates prior to
carbon—carbon bond cleavage. This work demonstrates the potential of MOF-supported
abundant-metal catalysts for sustainable oxidation of alkenes under environmentally benign

conditions.
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Chapter 1

Introduction to Reticular Chemistry and Metal-Organic

Frameworks

Abstract

This chapter provides an overview of metal-organic frameworks (MOFs) as crystalline,
modular platforms for designing catalytically active sites with molecular precision.
The tunable connectivity between metal nodes and organic linkers enables the con-
struction of well-defined coordination environments that emulate enzymatic pockets
while maintaining heterogeneous stability. Emphasis is placed on the role of linker
functionality and post-synthetic metalation in tailoring the electronic and geometric
structure of the active centers. The discussion traces the evolution of MOFs from inert
porous hosts to redox-active catalytic materials, particularly those incorporating Fe
and Cu sites capable of facilitating small-molecule activation and selective oxidation
chemistry. By highlighting advances in framework engineering, site isolation, and co-
operative multinuclear design, this chapter establishes the conceptual foundation for

the Fe- and Cu-based catalytic systems discussed in the subsequent chapters.
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1.1 Introduction to Reticular Chemistry

The concept of reticular chemistry was first articulated by Omar M. Yaghi in the late 1990s
as a new way of thinking about the deliberate construction of extended crystalline materials
from molecular precursors. The term reticular derives from the Latin reticulum, mean-
ing ‘“net-like,” and aptly captures the essence of this chemistry, the linking of well-defined
molecular building units through strong bonds to form predetermined, periodic networks. '™
Unlike traditional solid-state synthesis, which often produces extended structures through
unpredictable reactions, reticular chemistry enables the design and realization of targeted

architectures with atomic precision.

At its core, reticular chemistry involves the stitching together of molecules by strong
bonds typically coordination or covalent bonds to generate robust frameworks that retain
the integrity of their molecular components. This conceptual advance marked a paradigm
shift: for the first time, chemists could conceive a desired three-dimensional structure and
subsequently assemble it in the laboratory from discrete building blocks. Through the identi-
fication of secondary building units (SBUs), such as metal-carboxylate clusters, and organic
linkers with defined geometries, it became possible to translate molecular connectivity into

extended crystalline materials with predictable topologies.

The design logic of reticular chemistry rests on understanding joints and links as the
fundamental structural elements of a network analogous to vertices and edges in a geomet-
ric net. Each building unit serves as a node with a defined coordination geometry, while the
organic linkers act as struts determining the angle and distance between nodes. By judi-
ciously selecting metal clusters and linker geometries, a vast landscape of network topologies
can be realized, ranging from one-dimensional chains and two-dimensional sheets to highly

porous three-dimensional frameworks (Figure 1.1).*

An illustrative example comes from the transformation of simple molecular clusters,
such as copper acetate dimers, into extended frameworks by replacing terminal ligands with
ditopic linkers like carboxylates. This design converts discrete molecular motifs into periodic
networks that preserve the coordination geometry of the metal centers. By controlling the
angular and torsional parameters of the linkers such as those in benzene dicarboxylates,

one can direct the assembly toward specific nets (e.g., square, cubic, diamond, or NbO-type
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Figure 1.1: Design of nanoparticles (0D), chains (1D), sheets (2D), and networks (3D).?

frameworks).?” Such geometrical control lies at the heart of framework design and is central

to understanding why certain topologies are favored in MOF synthesis.?

The success of reticular chemistry has extended far beyond MOFs, influencing the cre-
ation of related classes of materials such as covalent organic frameworks (COFs)® and ze-
olitic imidazolate frameworks (ZIFs).? Collectively, these systems represent a new region
of structure space in chemistry, characterized by modularity, structural predictability, and
exceptional tunability. Reticular chemistry thus provides not only the conceptual founda-
tion for MOF synthesis but also a unifying framework for the rational design of crystalline

materials across molecular and solid-state boundaries.

1.2 Early Coordination Complex and the Origins of Framework Design

The conceptual roots of metal-organic frameworks trace back to the foundations of coordina-
tion chemistry, established by Alfred Werner in the early 20th century. Werner’s pioneering
work on the structure of coordination compounds laid the groundwork for understanding
how metal centers can coordinate to multiple ligands through defined geometries, giving
rise to predictable molecular architectures. His ideas introduced the notion of primary and

secondary valence and clarified the spatial arrangement of ligands around a central metal
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ion, principles that continue to underpin the structural logic of MOFs.

In the decades that followed, coordination chemistry evolved to include polymeric and
supramolecular assemblies, where metal ions were linked through bridging ligands into ex-
tended one-, two-, or three-dimensional structures. Many early coordination polymers, such
as copper and silver carboxylates, demonstrated that metal-ligand linkages could propagate
indefinitely, forming crystalline solids with repeating coordination motifs. However, these
early materials were often synthesized serendipitously rather than through a design-based
approach, and their structures lacked the robustness and tunability characteristic of modern

frameworks.

Building upon Werner’s pioneering coordination theory, the 20th century witnessed the
emergence of more structurally sophisticated coordination frameworks. A notable example
was Prussian Blue (Fey[Fe(CN)g|3), in which transition metals are interconnected through
cyanide bridges to form an extended cubic lattice (Figure 1.2). This structure demonstrated
how coordination chemistry could transcend discrete molecular complexes to yield periodic,
three-dimensional networks. Another significant milestone was the discovery of Hofmann-
type clathrates such as [Ni(CN)y(L)](CeHg), which were capable of encapsulating guest
molecules within their frameworks, a precursor to the concept of permanent porosity that
later became central to reticular chemistry. % The subsequent development of macrocyclic
and chelating ligands, including porphyrins and phthalocyanines, further refined the con-

trol over coordination geometry by introducing preorganized ligand scaffolds around metal

centers. 12714
/I::e2+—C=N—Fe3+
5 ¢ Vs
Z N N
CN 4 / N / Il
NG, | <ON Fé¥ —N=¢—r6* ¥
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Figure 1.2: Prussian Blue: the first synthetic coordination compound.

The transformation from coordination complexes to extended frameworks was driven
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by the realization that metal-ligand coordination could serve as a structural blueprint for
constructing periodic materials. Advances in X-ray crystallography provided the ability to
resolve atomic-level structures, allowing chemists to correlate metal coordination geometry
with the resulting framework topology. This era also saw the emergence of crystal engineer-

ing, which sought to control molecular packing and intermolecular interactions in solids.

By the late 20th century, a new design paradigm began to take shape: the idea that
extended frameworks could be rationally constructed by connecting predesigned molecular
building blocks with predictable connectivity. This vision was realized through the concept
of reticular chemistry, where the strength and directionality of coordination bonds could be
harnessed to stitch together rigid inorganic and organic units into stable, porous frameworks.
Early examples of such materials, including MOF-2 and MOF-5, demonstrated for the first
time that modular assembly could yield crystalline networks with controllable topology,
porosity, and chemical functionality, marking the true convergence of coordination chemistry

and materials design.

Thus, the development of metal-organic frameworks represents a natural evolution of
coordination chemistry, transforming the principles that once described discrete molecules

into a systematic approach for constructing extended, functional materials.

1.3 Metal-Organic Frameworks

1.3.1 Introduction to Metal-Organic Frameworks.

The concept of reticular chemistry reached a major milestone with the advent of metal-
organic frameworks (MOFs), a class of crystalline porous materials constructed by linking
metal ions or clusters (secondary building units, SBUs) with multitopic organic linkers
through strong coordination bonds (Figure 1.3).'517 This approach, pioneered in the late
1990s, enabled chemists to design frameworks with predetermined topology, tunable pore

environments, and exceptional structural diversity.

MOFs combine the robustness of inorganic metal nodes with the flexibility of organic
ligands, resulting in materials that exhibit high surface areas, adjustable pore sizes, and well-

defined active sites.'® These attributes distinguish them from traditional porous solids such
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Figure 1.3: Design of Metal-Organic Framework.

as zeolites or activated carbons, which offer limited tunability. The reticular design principle
allows the modular construction of MOFs by selecting suitable metal-ligand combinations,

giving rise to a vast structural landscape encompassing frameworks such as MOF-5, HKUST-

1, and MIL-53.

Over the past two decades, MOFs have emerged as one of the most versatile platforms
in materials science, with applications spanning gas storage and separation, catalysis, drug
delivery, sensing, and energy storage.'!9 Their ability to host single atoms, clusters, or
functional groups within well-defined cavities has also made them valuable model systems

for studying heterogeneous catalysis at the molecular level.

In recognition of the profound impact of this field, the 2025 Nobel Prize in Chemistry
was jointly awarded to Omar M. Yaghi, Susumu Kitagawa, and Richard Robson for the de-
velopment of metal-organic frameworks (MOFs), a landmark achievement that established
reticular chemistry as a cornerstone of modern materials design. Their pioneering contribu-
tions transformed the vision of atomically precise framework assembly into a practical and

widely applicable reality.

1.3.2 Orgnaic Linkers.

Organic linkers serve as the structural and functional backbones of metal-organic frame-
works, connecting the metal nodes or secondary building units (SBUs) into extended three-
dimensional architectures. The choice of linker determines not only the topology and pore

size of a MOF but also its chemical stability, flexibility, and reactivity.2%2!
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Figure 1.4: Examples of different organic linkers used in the synthesis of Metal-Organic

Framework.

Typically, linkers are multidentate ligands bearing functional groups such as carboxy-
lates, azolates, phosphonates, or pyridyl moieties capable of coordinating to metal centers
(Figure 1.4). Among these, carboxylate-based linkers such as terephthalic acid (H,BDC)
and trimesic acid (H3BTC) are the most widely used due to their predictable coordination
geometries and robustness.?? These linkers form strong metal-oxygen bonds, yielding ther-

mally and chemically stable frameworks like MOF-5,2 HKUST-1,242?® and MIL families. 26:27

Beyond structural roles, linkers can also impart chemical functionality to the frame-
work. 2529 The incorporation of substituents such as -NH,, -OH, -NO,, or -SOsH enables
post-synthetic modification, enhances adsorption selectivity, or provides coordination sites
for further metalation. For example, bipyridyl linkers in MOF-253 or MIL-101 derivatives
create nitrogen donor environments ideal for anchoring transition metal ions, facilitating

catalytic and redox-active sites within otherwise inert frameworks. 3031

Recent developments have focused on heteroatom-containing linkers, flexible backbones,
and m-conjugated systems to enable electronic conductivity and photoresponsiveness. Com-
putational studies combined with topological analysis now allow predictive design of linkers

that yield desired pore architectures and functionalities.

Thus, the organic linker is not merely a spacer but a tunable molecular component that

dictates the framework’s geometry, chemical environment, and ultimately its application
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potential.

1.3.3 Metal Nodes and Secondary Building Units (SBUs).

The metal nodes, also known as secondary building units (SBUs), form the inorganic ver-
tices of metal-organic frameworks and are central to defining their geometry, connectivity,
and functionality. SBUs are typically composed of one or more metal ions coordinated to in-
organic or organic ligands (e.g., hydroxide, oxide, carboxylate), serving as rigid, directional

coordination motifs that dictate the overall topology of the framework (Figure 1.5).%51°

HO___O OH o

Zinc

Zn,0(BDC), Cu,(BTC),3H,0

Secondary Building Units (SBUs): Poly-nuclear clusters / Metal-carboxylate nodes

MOF-5 HKUST-1

Li, H.; Eddaoudi, M.; O'Keeffe, M.; Yaghi, O. M. Chui, S. S.-Y,; Lo, S. M.-F.,; Charmant, J. P. H.; Orpen, A. G.;
Nature 1999, 402, 276-279. Williams, 1. D. Science 1999, 283, 1148-1150.

Figure 1.5: Examples of secondary-building units along with the MOF structure (MOF-5
and HKUST-1)

The concept of using SBUs as modular building blocks is one of the defining advances
introduced by Yaghi and co-workers, 14 allowing predictable assembly of complex frameworks
from known coordination geometries. Depending on the metal’s coordination preferences,
SBUs can exhibit diverse architectures, paddle-wheel, trimeric, chain-like, or cluster-based

each imparting characteristic pore dimensions and framework stability. 3%:33
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For instance, the Cuy(COO), paddle-wheel cluster found in HKUST-1 (Cus(BTC),)
serves as a canonical SBU, where two Cu(II) centers are bridged by four carboxylates, form-
ing a robust and open coordination site that can interact with guest molecules.3*3 Similarly,
the ZrgO4(OH),4 cluster in the UiO series provides exceptional thermal and chemical stabil-
ity due to its strong Zr-O bonds and high connectivity.?93® The FesO and Al-OH chains in
MIL-type frameworks illustrate how one-dimensional SBUs can also propagate into extended

networks with tunable flexibility.39 4!

The SBU’s chemical composition strongly influences the framework’s electronic structure
and catalytic potential. Transition metal-based SBUs (e.g., Fe, Cu, Ni, Co) often exhibit
redox activity and can participate directly in small-molecule activation, whereas main-group
or rare-earth nodes (e.g., Al, Zr, Ce) provide structural rigidity and resistance to hydroly-
sis. 42745 Mixed-metal SBUs, incorporating two or more distinct metal ions, have emerged as
powerful platforms to introduce cooperative or synergistic effects for catalysis and electronic

tuning.

In recent years, the integration of oxo- and hydroxo-bridged metal clusters has gained
prominence due to their resemblance to enzymatic active sites, particularly in oxidation and
reduction reactions. The modular nature of SBUs allows deliberate incorporation of such
motifs through post-synthetic metal exchange or direct solvothermal synthesis, bridging the

gap between biomimetic and heterogeneous catalysis.

Thus, SBUs function as the inorganic scaffolds that, in conjunction with organic linkers,
define the geometry, functionality, and reactivity of MOFs. The ability to rationally design
and modify these metal clusters represents a cornerstone of modern reticular chemistry and

underpins the exceptional tunability that distinguishes MOFs from other porous solids.

1.4 Nomenclature of Metal-Organic Frameworks (MOFs)

Currently, no unified or standardized system exists for the nomenclature of metal-organic
frameworks (MOFs). This is largely due to the vast structural diversity and rapid expansion
of reported frameworks, which makes it difficult to define a universal convention. As a result,
researchers in the field generally follow descriptive and laboratory-specific naming practices,

using short acronyms combined with numerical identifiers that typically denote the order in
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which the materials were synthesized.
Several approaches are commonly adopted in the literature:

(a) Composition-based nomenclature: Frameworks are often named according to their
general class or elemental composition. Examples include MOF-x,%% RPF-x (rare-earth
polymeric framework), 4" and COF-x (covalent organic framework).® These names emphasize

the chemical family or bonding nature of the framework rather than its structural features.

(b) Structure-based nomenclature: Some designations describe the topology or structural
analogy to known materials. Examples include ZMOF-x (zeolite-like MOF), 48 ZIF-x (zeolitic
imidazolate framework),? and mesoMOF-x (mesoporous MOF).4® This approach highlights
the framework’s geometry or pore characteristics, often comparing it to familiar inorganic

architectures such as zeolites.

(c) Laboratory-based nomenclature: Another widely used system links the name to the
research group or institution where the material originated. Notable examples include MIL-
n (Matériaux de I'Institut Lavoisier),’® HKUST-x (Hong Kong University of Science and
Technology), UiO-x (University of Oslo), and CPO-x (Coordination Polymer of Oslo). Such

acronyms have become internationally recognized identifiers of specific MOF families. 12

In addition to these empirical and descriptive approaches, MOFs may also be named
based on their empirical formulas, representing the stoichiometry of metals and ligands in the
repeating unit. For instance, [Cu(2-pymo)s| and [ZnsO(bdc)s| denote copper and zinc frame-
works containing 2-hydroxypyrimidinolate (2-pymo) and 1,4-benzenedicarboxylate (bdc) lig-

ands, respectively. 4°

A more systematic nomenclature based on topological representation has also been pro-
posed, wherein frameworks are classified by their network connectivity (e.g., pcu, beu, rho,
sod, gis). Although this method allows for structural comparison across different materials,
it does not convey information about chemical composition, metal identity, or functional

groups.
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1.5 Introduction to MOF synthesis

1.5.1 Importance of synthesis methods for catalytic and structural properties.

The way a metal-organic framework is synthesized plays a decisive role in determining
its structure, crystallinity, porosity, and ultimately its catalytic performance. MOFs are
most commonly prepared through solvothermal or hydrothermal crystallization, where metal
precursors and organic linkers react in a heated solvent over several hours to days.®® Under
these conditions, the organic ligands remain chemically intact, allowing their functional

groups to be precisely incorporated into the final framework architecture.

One advantage of MOF chemistry is the ability to combine more than one type of or-
ganic linker in a single material, enabling the creation of mixed-linker frameworks with mul-
tiple functionalities distributed throughout the pores.?*%> This synthetic flexibility allows
researchers to tailor the chemical environment for specific catalytic or adsorption applica-

tions.

MOF synthesis is typically designed with the intended application in mind. For instance,
materials developed for gas storage or separation are often synthesized in coordinating sol-
vents such as DMF, DEF, or water. These solvents can bind temporarily to metal nodes
during crystal growth. Upon activation, where the solvent is removed, the coordinated sol-
vent molecules vacate the metal sites, generating open metal sites that strongly interact

with guest molecules such as CO,, CHy, or Hy.%557

A key feature of MOF assembly is the reversible nature of metal-ligand coordination.
Because these bonds can break and reform under synthesis conditions, the growing crystals
have the capacity to correct structural imperfections. This dynamic error-correction mech-
anism helps the framework approach a low-defect, thermodynamically favored structure.®”
As a result, solvothermally synthesized MOFs often exhibit high uniformity in pore struc-

ture and composition, which is crucial for consistent catalytic behavior and reproducible

adsorption properties.
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1.5.2 Synthetic Strategies.

Solvothermal Synthesis of MOFs.

Solvothermal synthesis is one of the most established and versatile routes for preparing
metal-organic frameworks. In this method, a mixture of metal salts and organic linkers is
dispersed in a suitable solvent, commonly high-boiling aprotic or protic media such as DMF,
DEF, DMSO, or alcohols.®® These solvent systems, particularly those containing formamide
functionalities, provide excellent solubility for both components and facilitate controlled

coordination between the metal nodes and organic ligands.

The reaction mixture is typically sealed in a Teflon-lined autoclave and heated to tem-
peratures above the boiling point of the solvent. Under these conditions, elevated tem-
perature and autogenous pressure promote slow, directed nucleation and crystal growth,
allowing MOFs to form with high crystallinity and well-defined pore architectures. The re-
versible nature of metal-ligand coordination at these temperatures enables the framework to
self-correct, minimizing structural defects and producing materials close to thermodynamic

equilibrium.
Advantages
1. One-step synthesis of highly crystalline MOFs.
2. Ability to obtain single crystals suitable for structural analysis.
3. Moderate operating temperatures and broad solvent compatibility.
Disadvantages
1. Longer reaction times compared to alternative techniques.
2. Increased susceptibility to by-product formation.

3. Requires post-synthetic solvent removal from pores or metal coordination sites.
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Microwave-assisted Synthesis of MOFs.

Microwave-assisted synthesis has emerged as an efficient alternative to conventional solvother-
mal routes for producing metal-organic frameworks. Microwaves interact directly with mo-
bile charges such as polar solvent molecules, ions, or electrons and convert electromagnetic
energy into thermal energy within the reaction mixture. As a result, heating is rapid, volu-
metric, and highly energy-efficient, often leading to accelerated nucleation and the formation

of smaller, more uniform crystals.?®

Principle of Microwave Heating: When an oscillating electromagnetic field is applied,
polar molecules continuously attempt to realign with the changing field direction. This
repeated reorientation causes molecular friction and collisions, which increases the kinetic
energy of the system and thus raises the temperature. In solids, microwaves induce localized
currents, and resistive losses generate heat internally. Because the radiation couples directly
with the material, microwave heating is significantly faster and more homogeneous compared

to conventional external heating.

Microwave irradiation has been widely applied to many MOF families, enabling much
faster crystallization than conventional solvothermal methods. Metal carboxylates such as
Cr-MIL-100 and Fe-MIL-101 can form within minutes to under an hour, often without
mineralizers like HF, and typically yield nanocrystals.%%6! Tsoreticular frameworks (MIL-47,
MIL-53, CAU-1) and IRMOF series also crystallize rapidly, sometimes with enhanced surface

62-64

areas and gas uptake. HKUST-1 is a benchmark example, where high-purity crystals

with excellent microporosity form in less than an hour.%® Azolate MOFs (e.g., ZIF-7, ZIF-

8) and mixed-linker or membrane-type materials have also been produced efficiently.%%:66

Overall, microwave heating provides accelerated kinetics, smaller and more uniform particle

sizes, and reliable crystallization across diverse MOF systems.
Advantages
1. Extremely rapid crystallization and reduced synthesis times.
2. Often produces high-purity and phase-selective products.
3. Enables smaller, more uniform crystal sizes, beneficial for catalysis and membranes.

4. Efficient, uniform internal heating improves reaction control.
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5. Potential for direct growth of films and membrane layers.

Disadvantages

1. Reproducibility can be limited due to non-uniform heating in some solvents.
2. Scaling up microwave processes remains challenging for industrial production.

3. Differences in microwave reactor design make method transfer between systems non-

trivial.

Mechanochemical Synthesis of MOFs.

Mechanochemical synthesis represents a solvent-free or near solvent-free strategy for as-
sembling metal-organic frameworks using mechanical energy as the driving force for bond
formation. In this method, metal salts and organic ligands are ground together, either man-
ually in a mortar and pestle or more commonly in a ball mill, where repeated impact, shear,
and friction events promote the cleavage and reorganization of bonds, ultimately yielding

crystalline coordination frameworks.

The first demonstration of MOF formation via mechanochemistry was reported in 2006,
marking the beginning of a rapidly growing area within green materials synthesis.®” Since
then, mechanochemical approaches have been widely applied to prepare a broad range of
MOFs, including carboxylate-based frameworks (e.g., HKUST-1), pillared-layered struc-

tures, and imidazolate frameworks such as ZIF-4 and ZIF-8.%870

Principles of the Mechanochemical Process: Under mechanical force, reactants undergo
localized bond breakage and activation, enabling metal-ligand coordination without the
need for bulk solvents or elevated temperatures. This makes mechanochemical reactions
fundamentally different from solution-based synthesis, where solubility and diffusion govern

assembly. Reactivity can be significantly enhanced by:

1. Liquid-assisted grinding (LAG): The addition of microliter quantities of a liquid, such
as DMF, methanol, or water, improves mobility at the molecular level and often leads to

faster and more selective framework formation. %8

2. Ton- and liquid-assisted grinding (ILAG): The combination of small liquid amounts
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with inorganic salts (e.g., ammonium or alkali nitrates) can exert structure-directing effects,

enabling selective synthesis of specific phases or topologies. "%

Advantages

1. Performed at ambient temperature with short reaction times (10-60 min).

2. Solvent-free or uses only microliter amounts of benign liquids.

3. Environmentally friendly; often produces less hazardous by-products.

4. Allows use of insoluble metal oxides, broadening precursor options.
Disadvantages

1. Products may exhibit lower crystallinity compared to solvothermal methods.

2. Resulting frameworks often have reduced pore size or surface area.

Electrochemical Synthesis of MOFs.

Electrochemical synthesis is an alternative route for producing MOFs in which metal ions
are generated in situ by anodic dissolution instead of using conventional metal salts. This
strategy was first demonstrated in 2005 and was motivated by the need to avoid undesirable

counter-anions (e.g., nitrate, chloride, perchlorate) that complicate large-scale production.

In a typical setup, the metal anode gradually releases metal ions into a solution containing
the organic linker and a supporting electrolyte. These ions immediately coordinate with
the linker molecules, forming the MOF either as a powder or as a film deposited near
the electrode surface.”™ Using protic solvents or sacrificial reducible species can prevent

unwanted metal deposition on the cathode.

Electrochemical synthesis has been successfully applied to several Cu- and Zn-based
frameworks, including HKUST-1, Zn-BDC systems, and later azolate-based MOFs such as
ZIF-8 and related structures. In some cases, the method enables continuous production and
higher solid content than traditional batch solvothermal processes. Electrochemical routes
have also allowed controlled growth of MOF films and patterned coatings on conductive

surfaces by tuning the applied potential and reaction time.
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However, comparative studies show that although the crystal structure of electrochem-
ically synthesized MOFs is generally correct, the product quality such as porosity, purity,
or thermal stability may be lower due to incorporation of electrolyte or unreacted linkers

during crystallization.
Advantages
1. Real-time control of MOF growth through applied voltage.
2. Mild reaction conditions.
3. Rapid synthesis compared to solvothermal routes.
4. Ability to form thin films and patterned coatings.
Disadvantages
1. Often poor or inconsistent crystallinity.
2. Lower yield compared to solution-phase routes.

3. Possible contamination from supporting electrolytes.

1.5.3 Fundamental Chemistry Considerations for Reaction Parameters.

The successful synthesis of a MOF is governed not only by the choice of metal nodes and
organic linkers but also by the fundamental chemical principles that dictate how these com-
ponents assemble under given reaction conditions. While solvothermal synthesis remains
the most widely used method, the rationale behind parameters such as reagent ratios, sol-
vent composition, temperature, and reaction time lies in basic coordination chemistry and
nucleation-growth theory. This section discusses how these considerations influence MOF

formation and guide rational optimization.

Linker and Node Chemistry.

The geometry and connectivity of the metal center and linker determine the topology of the
final MOF, making their selection the first critical step. Their assembly is guided by simple

stoichiometric relationships and coordination preferences. Varying the metal-to-ligand ratio




1.5 Introduction to MOF synthesis 17

can shift the reaction toward different SBUs or entirely different frameworks, as the limiting
reagent dictates which coordination motifs dominate during nucleation. For example, using
a larger excess of metal ions favored the formation of PCN-13, whereas progressively lowering
the metal-to-ligand ratio shifted the reaction toward other frameworks, ultimately yielding

PCN-132 and PCN-131.73

Hard-soft acid-base (HSAB) compatibility also plays a role: hard carboxylate linkers pair
more effectively with hard metal ions (e.g., Zr*", A1*"), while softer N-donor linkers tend to
coordinate better with transition metals such as Zn?" or Cu?". These considerations help

identify combinations that will assemble efficiently under the selected reaction conditions.

Modulator.

While the metal nodes and organic linkers dictate the framework’s ultimate structure, using
only these two components often leads to rapid precipitation and poorly ordered solids. To
overcome this, MOF syntheses commonly incorporate modulators, small molecules that slow
down assembly, guide crystallization, and tune particle size, phase purity, and defect density.
Their behavior can be understood through basic principles such as HSAB interactions,

stoichiometry, acid-base equilibria, and pK, matching.™

Coordinating modulators: These are typically monotopic acids whose binding chemistry
resembles that of the linker (e.g., carboxylates for carboxylate linkers, phosphonates for phos-
phonate linkers). Upon deprotonation, both the linker and the modulator form conjugate
bases that compete for coordination to the metal centers (Figure 1.6). Because modulators
are monotopic, they can bind to a metal ion but cannot bridge between two metals, which
slows down network formation. Elevated temperature later promotes modulator displace-
ment by the multitopic linker, allowing the extended framework to assemble in a controlled

manner.

Successful competition requires the modulator to deprotonate under similar conditions
as the linker. Therefore, matching pK, values is essential. A classic example is the synthesis
of UiO-66, where acetic acid is used because its acidity closely aligns with that of tereph-
thalic acid, ensuring both species are present in their reactive, deprotonated forms during

crystallization. "
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Figure 1.6: Illustration of modulator effects during MOF synthesis, including linker equilib-
rium, coordination and Brgnsted acid modulation, and final linker binding to
metal nodes.™

Bronsted acid modulators: Strong acids such as HCl or HBF, regulate crystallization by
a different mechanism.”” Instead of competing for coordination sites, they shift the acid-
base equilibrium toward the protonated form of the linker, reducing the concentration of its
conjugate base and slowing nucleation (Figure 1.6). Stronger acids whose conjugate bases
are weakly coordinating are especially effective because they maintain high proton activity

without interfering with metal-ligand bonding (Figure 1.6).

Overall, modulators provide a powerful handle to tune nucleation and growth, enabling

MOF crystals with higher order, controlled defect levels, and enhanced reproducibility.

Solvent.

In typical MOF synthesis, the solvent primarily serves as the medium that dissolves the

metal source, linker, modulator, and other additives. Because reactions are often conducted
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at elevated temperatures, solvents with sufficiently high boiling points are required. This is
why formamide-based solvents such as DMF and DEF are frequently chosen, they provide

good solubility and remain stable under solvothermal conditions.

Beyond acting as a medium, the solvent can directly influence reaction pathways through
factors such as basicity and steric bulk. At high temperatures, DMF and DEF gradually
decompose to form dimethylamine or diethylamine, which help drive assembly by depro-
tonating the linker and interacting with modulators.™ Their slow decomposition is also
beneficial, as it avoids rapid precipitation and promotes controlled crystal growth. Addi-
tionally, the steric size of the solvent can act as a template, steering the structure toward
different frameworks. For instance, Ma and co-workers found that DMF yielded an inter-
penetrated MOF with smaller pores, whereas the bulkier DEF favored the formation of a

non interpenetrated structure with larger channels.™

Enthalpy of Formation and Reaction Temperature.

The successful assembly of a MOF relies not only on choosing suitable linkers, metal nodes,
modulators, and solvents, but also on selecting reaction conditions that support framework
formation. Concepts such as HSAB theory, reaction enthalpy, and kinetic energy help

rationalize why many MOF syntheses require elevated temperatures.

Calorimetric studies from the Navrotsky group have shown that different MOFs exhibit
either endothermic or exothermic formation energies when compared to their corresponding
dense precursor phases. Frameworks like MOF-5," Mg-MOF-74, and Ni-MOF-74 form
endothermically,®® whereas systems such as Zn-HKUST synthesized in DMF or Cu-HKUST
made in water show exothermic formation due to stabilizing interactions between the solvent
and the framework.8! In ZIFs, formation becomes exothermic as the metal center transitions
from less favorable Zn-O interactions in the precursors to more favorable Zn-N coordination

within the MOF, consistent with HSAB preferences for borderline-soft matching. %2

Regardless of whether formation is endothermic or exothermic, higher temperatures play
a critical role. Increasing temperature boosts the kinetic energy of the reactants, enabling
them to overcome activation barriers, collide more frequently, and reach the thermodynam-

ically preferred product more quickly. Elevated temperatures also enhance the lability of
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modulators, promoting competitive coordination, and influence solubility and supersatura-

tion, key factors that drive nucleation and subsequent crystal growth.®3

Reaction Time and Concentration.

Along with temperature, both reaction duration and concentration strongly influence the
type and quality of the MOF obtained.® Products that are kinetically favored often form
at shorter reaction times, while longer durations typically allow the system to reorganize

toward more stable, thermodynamically preferred structures.

Concentration also plays a central role. According to collision theory, increasing the
concentration of reactants raises the frequency of molecular encounters, accelerating reaction
rates and promoting faster nucleation. Highly concentrated mixtures can lead to rapid
particle formation, whereas dilute conditions tend to slow nucleation and may yield larger,

better-defined crystals.

MOF Nucleation and Growth.

MOF crystallization typically unfolds through two interconnected stages, nucleation followed
by crystal growth, although the two can overlap in time. Both stages are strongly influenced
by fundamental chemical principles such as supersaturation, temperature, concentration,

and the coordination behavior of the building units.

MOF Nucleation. According to classical nucleation concepts, small clusters of metal-
linker units continuously form and dissolve until they reach a critical size that becomes
stable enough to grow. This process is driven by supersaturation, which itself depends on

reaction concentration and temperature. 8

Because MOFs assemble from metal ions, linkers, and sometimes pre-formed SBU frag-
ments, several alternative nucleation pathways have been proposed. Some studies point to
monomers or partial SBUs as the earliest building units, while others report non classical
pathways involving intermediate amorphous or liquid-like phases before crystallization. Re-
gardless of the exact mechanism, nucleation always decreases supersaturation and transitions

the system into the growth phase.
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MOF Growth. Once nuclei form, crystal growth proceeds through the addition of sol-
vated species to the crystal surface. Supersaturation makes this process thermodynamically
favorable, while diffusion and adsorption control the kinetics. Growth may occur through
multiple mechanisms, including stepwise rearrangements described by Ostwald’s Rule of

Stages.

Recent kinetic studies show that increasing temperature accelerates growth and that the
influence of metal nodes and linkers on growth does not always correspond directly to their
stoichiometry in the final framework. Evidence also suggests the presence of a dynamic

interfacial layer where ordering occurs before incorporation into the bulk crystal.®6

Beyond temperature and concentration, factors such as modulators, capping agents, and

solvent identity can tune crystal size, shape, and polymorph selection during growth.

1.6 Properties of MOFs.

Metal-organic frameworks (MOFs) exhibit a unique combination of structural and chemical
features that distinguish them from traditional porous materials such as zeolites, activated
carbons, or mesoporous silica. Their hybrid nature, metal nodes connected by organic
linkers, allows unprecedented tunability in porosity, functionality, and reactivity. Below, we

summarize the key properties that define MOFs and underpin their diverse applications.

1.6.1 Permanent Porosity and High Surface Area.

MOFs are known for their extremely high porosities:
1. Surface areas often exceed 1000-6000 m? gt.87

2. Pores can range from microporous (<2 nm) to mesoporous (>2 nm), depending on

the framework design. 589

3. Uniform pore environments and modular voids support selective adsorption and high

uptake capacities.

The periodic arrangement of pores enhances diffusion and host-guest interactions, making

MOFs excellent candidates for gas storage, separation, and catalysis.
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1.6.2 Themral and Chemical Stability.

Stability varies widely across MOF families:

1. High stability: Zr-, Ti-, Al-, and Cr-based MOFs (e.g., UiO-66, MIL-101, MOF-
74) exhibit strong metal-oxygen bonds and can withstand high temperatures and water

exposure. 939

2. Moderate stability: Cu(II) paddlewheel MOFs such as HKUST-1 may degrade in

humid environments.*!

3. Lower stability: Zn(II)-imidazolate frameworks generally show good thermal stability

but may be sensitive to acids or bases depending on topology.®?

Stability depends on bond strength, node connectivity, framework topology, and guest-

framework interactions.

1.6.3 Framework Flexibility - "Breathing".

Some MOFs exhibit dynamic behavior in response to external stimuli such as pressure,

temperature, or guest molecules:

1. Breathing and swelling: Frameworks like MIL-53 and DUT-49 undergo large, re-

versible structural transitions.??

2. Gate-opening effects: Adsorption of certain gases induces changes in pore aperture

size. %%

3. Stimuli-responsive behavior: Changes can be triggered by light, electric fields, or

solvent exchange. %%

Such flexibility allows unusual sorption isotherms, high selectivity, and switchable prop-

erties.

1.6.4 Structural Diversity and Tunability.

A defining property of MOFs is the ability to precisely design and control their structure

through linker and metal node selection.
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1. Topology control: Varying linker rigidity, length, and functional groups enables access

to a wide range of network geometries.?"%

2. Isoreticular design: Linker elongation can preserve topology while expanding pore

sizes, allowing systematic tuning of physical properties. %

3. Functionalization: Linkers can incorporate chemical groups (-NH,, -OH, -SO3H,

halogens, etc.) that modulate chemical activity or enable post-synthetic modification. 1%

This structural programmability is a major advantage over purely inorganic porous solids.

1.6.5 Chemical Functionality and Tailored Reactivity.

Because organic linkers and metal clusters can be engineered independently, MOFs allow

fine control over their chemical environment:

1. Active sites on linkers: Functional groups can directly participate in catalysis, hydro-

gen bonding, or acid-base interactions. !01:102

2. Open metal sites: Removal of coordinated ligands upon activation generates Lewis-

acidic sites that enhance catalytic activity or adsorption selectivity. 103104

3. Post-synthetic modification (PSM): MOFs can undergo covalent, coordination, or
ionic modifications without compromising their structure, allowing tailored reactivity for

specific applications. 252

This chemical flexibility is usually rare in other crystalline solids.

1.7 Isoreticularity in MOFs.

A central design strategy in MOF chemistry is isoreticularity, which refers to constructing
a family of frameworks that retain the same underlying topology while systematically vary-
ing their internal dimensions or functionality.'% This is typically achieved by modifying the
length or structure of the organic linker without altering the connectivity of the metal-based
secondary building unit (SBU). As long as the SBU preserves its geometry and coordina-
tion environment, the overall network remains topologically identical, allowing predictable

changes in porosity and chemical functionality.
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Figure 1.7: An example of isoreticular MOF: Zr-based UiO MOFs

Principle of Isoreticular Design: In an isoreticular series, the parent MOF serves as
the structural template. Expansion is carried out by using a set of linkers that are chem-
ically similar but differ in length or substituents. Because the SBU connectivity controls
the framework topology, maintaining the same metal cluster ensures the same structural
arrangement, even as the pore sizes or window apertures increase. This modular approach
enables: controlled pore enlargement, tuning of internal functional groups, and systematic

adjustment of surface area and pore volume.

Although most isoreticular series rely on identical SBUs, in some cases different metals
have been used to generate analogous topologies. For example, the well-known HKUST-1
network has been replicated using Zn?", Fe?", and Cr?" in place of Cu?" while preserving

the same connectivity. '

Limitations of Isoreticular Ezpansion: Increasing linker length is an effective route to

expand pore dimensions; however, structural stability tends to decrease as the framework
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becomes more open. Larger pores may collapse upon solvent removal or thermal activation.
A well-documented example is the UiO series, where UiO-67, with a biphenyl linker, shows
higher surface area but reduced robustness compared to UiO-66.071% This trade-off under-
scores the challenge of designing large-pore MOFs that remain mechanically and chemically

stable.
Representative Examples

1. MOF-5 Series One of the earliest demonstrations of isoreticular expansion used the
MOF-5 topology. 9% By progressively elongating the benzene dicarboxylate linker (BDC
— BPDC — HPDC — TPDC), the pore diameters increased from ~13 A to nearly 29 A

while preserving the cubic Zn,O node connectivity.

2. Zr-based Isoreticular MOFs (UiO Series) The UiO family is a benchmark exam-
ple of isoreticularity in high-stability frameworks.!!*12 All members are constructed from
Zr604(OH), clusters connected by linear dicarboxylates: UiO-66: BDC; UiO-67: BPDC;
UiO-68: TPDC (Figure 1.7).

Increasing linker length progressively enlarges the pore system yet maintains the same

face-centered cubic topology.

3. NU-1100 Series A series of Zrg-based MOFs (NU-1101 to NU-1104) demonstrated
that even extremely long m-conjugated linkers can be incorporated while preserving topol-
ogy. 13114 These frameworks achieved geometric surface areas exceeding 5000 m? g! using

systematically extended tetratopic ligands.

Importance of SBU Reproducibility: For an isoreticular series to form correctly, synthesis
conditions must reliably generate the same metal cluster in each reaction. Changes to the
cluster’s size, shape, oxidation state, ligand environment, or number of open coordination
sites can redirect assembly toward different topologies. Thus, controlling reaction conditions

(solvent, temperature, acidity, modulators) is essential to preserving the connectivity of the

parent MOF.

Thus, isoreticular synthesis provides a powerful platform for: tailoring pore size without
altering the framework arrangement, tuning internal surfaces for catalysis or adsorption,
studying structure-property relationships across a controlled series, and developing MOFs

for gas storage, separations, sensing, and drug delivery.
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By enabling rational expansion of a known structure, isoreticularity has been instrumen-

tal in transforming MOF chemistry into a predictable and modular design field.

1.8 Post-Sythetic Modification (PSM) in MOFs.

Metal-organic frameworks are exceptionally modular materials, and one of the most pow-
erful expressions of this modularity is post-synthetic modification (PSM), the collection
of chemical strategies applied after MOF assembly to introduce new functionalities, tune
chemical environments, or install catalytically active sites without disrupting the crystalline

framework.

Over the past decade, PSM has grown into a central tool for tailoring MOFs for catalysis,

adsorption, sensing, and biomedical applications.
1. Principles and Motivation Behind PSM
PSM is enabled by two intrinsic properties of MOFs:

(i) Chemically addressable organic linkers. Linkers often contain pendant functional
groups (-NHa, -OH, -CHO, -CN, etc.) that can undergo selective organic reactions without

collapsing the framework (Figure 1.8).11%116

(ii) Labile or partially saturated metal clusters (SBUs) Coordinated solvent molecules,
terminal -OH/-OHy groups, and structural defects create accessible metal sites for post-

synthetic binding or exchange (Figure 1.8).

Together, these features allow MOFs to undergo chemical transformations while main-

taining the original topology.

PSM strategies fall into three broad categories: (i) Modifying the organic linker (ii)
Modifying the metal node (iii) Metal ion exchange within SBUs

1.8.1 PSM Over Organic Linkers

Many MOFs are deliberately synthesized with reactive functional groups (e.g., -NHy in
IRMOF-3, UiO-66-NH;) that serve as handles for covalent transformations. !5
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Figure 1.8: Postsynthetic modification at organic linkers and SBUs.

Covalent Linker Modification

Common reactions include: Imine formation (amine + aldehyde);''” Amide coupling; Urea
and thiourea formation; Click chemistry (azide-alkyne cycloaddition); Halogenation, reduc-

tion, or oxidation. These reactions enable precise molecular editing inside the pores.

Example: IRMOF-3 undergoes imine condensation with salicylaldehyde to generate a
chelating site, which can then be metalated.'® This two-step sequence allows installation

of Au(III), Pd(II), or other catalytic centers directly onto the linker environment.

It retains the parent topology. Allows introduction of catalytic groups without altering
the metal cluster. Enables spatially isolated catalysts resembling molecular catalysts but

within a porous solid.

1.8.2 PSM at Metal Nodes

Metal clusters often contain terminal ligands (H,O, OH", formate, etc.) that can be dis-

placed, offering a direct avenue to functionalize the inorganic node.
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Direct Grafting on Open Metal Sites

Upon thermal activation, coordinated solvent molecules are removed, generating unsaturated

metal sites.

Example: In HKUST-1 (Cu3(BTC),), each Cu center can shed a coordinated water

molecule to expose a vacant site, enabling ligand grafting or substrate binding. 5!

Anchoring Organic Molecules

Amine-bearing ligands (e.g., ethylenediamine) have been grafted onto Cr sites in MIL-101
to introduce Brgnsted or Lewis basic functionality.!*® Similar strategies allow coordination

of amino acids (e.g., proline), converting MOFs into chiral or bifunctional catalysts.

1.8.3 Metal-Ion Exchange

In many MOFs, the metal cluster tolerates replacement of one metal with another with-
out altering the overall topology. Researchers first demonstrated that amine-containing
molecules can be directly attached to the open metal sites of MIL-101; for example, Hwang
and co-workers grafted ethylenediamine onto the chromium clusters. Building on this strat-
egy, Banerjee’s group later introduced proline onto the Cr nodes of MIL-101, converting the
framework into an efficient organocatalyst.?° A related approach was reported by Long and
collaborators, who coordinated ethylenediamine to the open Cu(Il) sites in a MOF, enabling

enhanced CO, adsorption performance.!?!

1.8.4 Advantages and Challenges of PSM Advantages.

Advantages: Precise control over chemical functionality, ability to introduce catalytic centers
not compatible with solvothermal synthesis, retention of crystallinity and porosity, tunable

active-site environment (coordination number, geometry, electronic properties).

Challenges: Ensuring complete diffusion of reagents throughout the MOF, avoiding
framework collapse under reactive conditions, achieving uniform functionalization at high

loadings, maintaining phase purity and single-site dispersion.
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1.9 Applications of MOFs.

Metal-organic frameworks have emerged as one of the most impactful classes of reticular
materials, owing to the breadth of applications they can address across chemistry, mate-
rials science, and engineering. Their exceptional versatility arises from a combination of

structural and chemical attributes that can be systematically tuned.

Highly designable architectures: Because MOFs are built from modular organic linkers
and metal-based secondary building units (SBUs), the geometry, connectivity, and over-
all topology of the framework can be precisely tailored. This structural control allows

researchers to engineer materials suited for targeted functions.

Extraordinary porosity with adjustable pore dimensions: MOFs can exhibit extremely
high surface areas, and the internal pore size can be systematically modulated by linker
length, SBU geometry, or by incorporating hierarchical pores. This tunability directly trans-

lates to selective uptake, diffusion, and confinement properties.

Ease of post-synthetic modification (PSM): Chemical modification after framework as-
sembly enables fine-tuning of catalytic sites, pore environments, hydrophilicity /hydropho-
bicity, or electronic features. PSM expands the scope of accessible functionalities far beyond

what is achievable through direct synthesis alone.

Well-ordered structures that facilitate characterization: Unlike many traditional hetero-
geneous materials, MOFSs possess crystalline long-range order, enabling detailed structural
analysis by techniques such as X-ray diffraction. Their predictable and periodic arrangement

of metal nodes and linkers makes it easier to correlate structure with function.

Presence of Single-Site Catalytic Centers:: Many MOFs can host isolated, well-defined
active sites, either as part of the metal nodes or introduced through post-synthetic mod-
ification. These single-site centers mimic the uniformity of homogeneous catalysts while
remaining embedded in a solid framework. As a result, they enable precise mechanistic
studies, offer high selectivity in catalytic reactions, and minimize complications arising from
particle aggregation or heterogeneous site distributions. The ability to engineer and stabilize
such atomically dispersed sites is a key advantage that distinguishes MOFs from traditional

porous materials.
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These features have accelerated the translation of MOFs from research to commercial
use. Several companies are now scaling up MOF production, with early applications in-

cluding controlled release of 1-methylcyclopropane for fruit ripening,!?2

and safe storage
of reactive industrial gases. MOFs have also made significant progress in biomedicine; no-
tably, the Hf-based RiMO-301 became the first MOF to enter human clinical trials for

radio-immunotherapy. 123

The following sections highlight major application areas including gas storage and separa-
tion, catalysis, sensing, drug delivery, ion exchange, and magnetic separation, demonstrating

how MOF tunability enables diverse technological functions.

Chemical

\ Sensors

Heterogeneous Magnetic

\ Catalysis Separation

Applications of

MOF

Gas Storage &

\Ion Exchange
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Figure 1.9: Applications of metal-organic frameworks (MOFs).

1.9.1 Magnetic Separation using MOFs.

MOFs can be integrated with magnetic nanoparticles to produce magnetically responsive
composites that maintain the high surface area, tunable porosity, and chemical versatility
of the parent framework while gaining the benefit of rapid, magnet-assisted recovery. These
magnetic-MOFs act as efficient adsorbents for dyes, pollutants, and metal ions, and can
be removed from solution simply by applying an external magnet avoiding energy-intensive
steps such as filtration or centrifugation. Their recyclability, structural stability, and ability

to be functionalized for selective adsorption make them particularly attractive for wastew-




1.9 Applications of MOFs. 31

ater remediation and industrial separation processes. 24125 A representative example is the
La-MOF-NH;@Fe;04 material, which shows ultrafast and selective uptake of Congo Red,
removing more than 90% of the dye within two minutes.!?® The composite can be magneti-
cally isolated and reused over multiple cycles with minimal performance loss, underscoring
the promise of magnetic-MOFs as practical, selective, and highly recyclable separation plat-

forms.

1.9.2 Ion Exchange.

Metal-organic frameworks have emerged as promising next-generation ion-exchange mate-
rials owing to their exceptionally high surface areas, ordered porosity, and the presence of
diverse functional groups that can interact selectively with ionic species. Unlike conven-
tional organic resins or inorganic exchangers, MOFs offer well-defined pore channels and
tunable binding environments, enabling fast ion uptake and high selectivity toward targeted
cations or anions. Many frameworks such as UiO-66, MIL-101, ZIF-8, and IRMOF-3 have
been shown to efficiently remove heavy metal ions like Pb*", Cr%", and Cu*" from aqueous
solutions through mechanisms involving coordination, electrostatic attraction, or direct ion
exchange at the metal clusters or functionalized linkers. '2%12® In some zinc-based MOFs, for
example, Pb?" removal has been attributed to a combination of Zn-Pb ion exchange and
strong coordination with linker-based functional groups such as -NHs. The high crystallinity
of MOFs further allows structure-property relationships to be probed at the atomic level,
aiding in the rational design of improved ion-exchange materials. With advances in stability
and green synthesis methods, MOFs and their composites are increasingly being explored
for practical wastewater treatment, offering rapid sorption, excellent selectivity, and good

regeneration potential for industrial applications. 12%130

1.9.3 Drug Delivery.

Metal-organic frameworks have emerged as highly adaptable carriers for drug delivery be-
cause of their large surface areas, tunable pore networks, and easily modifiable chemical
environments. These properties enable MOFs to load and release a wide range of thera-

peutics, from small molecules to complex biomacromolecules. Early studies demonstrated
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controlled release of small drugs such as ibuprofen, 34132 doxorubicin, and curcumin, with
MOFs achieving far higher loading capacities than many traditional carriers.33 136 More
recent breakthroughs involve biomimetic mineralization, where proteins and nucleic acids
are encapsulated during MOF formation allowing sensitive cargos like gelonin, Cas9-sgRNA
complexes, siRNAs, and plasmid DNA to be protected from degradation and delivered in-
tracellularly. 37139 Gasotransmitter-loaded MOFs (e.g., nitric oxide and carbon monoxide
releasing frameworks) have also been explored for anti-inflammatory and antimicrobial ther-
apies. 'Y In another notable example, ZIF-8 nanoparticles have been used to deliver insulin
and protect it from enzymatic breakdown, significantly improving its stability in biological
environments. ¥ These examples highlight how MOFs can be engineered to combine high
loading, targeted release, and molecular protection, making them powerful platforms for

next-generation drug delivery systems.

1.9.4 Chemical Sensing.

Metal-organic frameworks have emerged as powerful sensing materials because their highly
ordered pores, tunable chemical environments, and modular structures enable selective in-
teractions with a wide range of analytes. Their ability to concentrate guest molecules within
well-defined channels significantly enhances detection sensitivity, while the presence of func-
tional linkers and metal nodes allows diverse signal-transduction pathways,*? including flu-
orescence modulation, electrochemical responses, and changes in impedance or mass. A
fundamental origin of selectivity in MOF-based sensing arises from simple size discrimina-
tion: only molecules small enough to pass through the framework apertures can diffuse into
the pores, while bulkier species are sterically blocked.*? Many MOFs exhibit intrinsic lumi-
nescence, and guest binding can lead to characteristic “turn-on” or “turn-off” optical signals
through mechanisms such as ligand-to-metal charge transfer or quenching by redox-active
species. Similarly, frameworks with open metal sites can respond selectively to gases like
NO, COs, or volatile organics through reversible coordination interactions. Because MOF
structures can be engineered through linker design, pore-size control, and post-synthetic
functionalization, sensors can be tailored for specific targets including toxic gases, humidity,
pH, metal ions, explosives, and even biomolecules. These features, combined with their ther-

mal robustness and compatibility with thin-film device fabrication, make MOFs promising
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candidates for next-generation chemical sensing technologies.
Some examples:

e Detection of Nitroaromatic Explosives (Fluorescence Quenching): A classic example in-
volves luminescent Zn-based MOFs, such as Zny(BDC)o(DABCO), 3141 whose fluorescence
is strongly quenched upon exposure to nitroaromatics like TNT (2,4,6-trinitrotoluene). The
high electron affinity of nitro groups induces photoinduced electron transfer, enabling rapid

and selective detection even at trace levels.

e Humidity Sensing Using HKUST-1: MOFs can also function as highly responsive
humidity sensors due to their strong affinity for water. For instance, HKUST-1 is known to
take up nearly 40 wt% water, making it suitable for humidity detection in various sensing

platforms. 51145

e VOC Detection with ZIF-8 Thin Films (Mass-Sensitive Sensing):!46 ZIF-8 coated on
quartz crystal microbalance (QCM) sensors can selectively detect volatile organic compounds
(e.g., ethanol, toluene). VOC adsorption alters the film’s mass, producing measurable fre-

quency shifts, with pore-size selectivity governed by the sodalite cages.

e Biomolecule Sensing (Post-Synthetically Modified MOFs): Amino-functionalized MOFs
(e.g., NHo-MIL-53(Al)) can be modified with fluorescent dyes or aptamers to detect biomolecules
like glucose or dopamine.'#71*® Binding of the analyte to the functional group changes the

fluorescence lifetime or intensity, allowing sensitive quantification.

1.9.5 Gas Storage and Separation.

Metal-organic frameworks have emerged as exceptional materials for gas storage and sepa-
ration because of their ultrahigh surface areas, precisely tunable pore dimensions, and chem-
ically functionalizable internal surfaces. These features allow MOFs to pack large quantities
of gases within their pores, making them attractive for storing energy-relevant gases such as
H,, CHy, and CO, under moderate pressures. Their uniform and adjustable pore apertures
also enable molecular sieving, where gases are separated based on subtle differences in size,
shape, or adsorption strength. Beyond size exclusion, the presence of open metal sites and

tailored functional groups enhances specific host-guest interactions, providing highly selec-
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tive uptake of targeted molecules. Together, these designable attributes make MOFSs one of

the most versatile platforms for achieving efficient gas storage and energy-saving separations.
Some examples:
e MOF-5 (IRMOF-1): Hydrogen Storage Benchmark

One of the earliest and most iconic MOFs, MOF-5, demonstrated that frameworks with
very high porosity (BET > 3000 m?/g) could store significant amounts of hydrogen at

cryogenic temperatures. 49 Its discovery triggered the global pursuit of MOFs for H, storage.
e MOF-210: Record Hy Uptake

MOF-210 possesses one of the highest surface areas reported (> 6000 m?/g).'%" It holds
17.6 wt% Hj at 77 K, representing one of the highest gravimetric hydrogen storage capacities

ever measured in a porous material.
e HKUST-1: Exceptional Volumetric Methane Storage

Despite its moderate surface area ( 1850 m?/g), HKUST-1 exhibits one of the highest
volumetric CHy storage capacities (~267 cm® STP cm™ at 65 bar).551%! Tts multiple cage
types and open Cu?" sites create strong interactions with methane, making it a model MOF

for natural-gas storage.
e SIFSIX-3-Zn: Ultra-Selective CO, Capture 52

This MOF, with its ultra-narrow 3.84 A channels, shows outstanding CO2/Ny and
CO4/CHy selectivity. Its pore size and strong quadrupole interactions make it one of the
most selective adsorbents for low-pressure CO, capture (e.g., flue gas or natural-gas purifi-

cation).

1.10 MOFs as Heterogeneous Catalysts.

MOFs have become an important class of heterogeneous catalysts because their well-defined,
crystalline architectures allow catalytic sites to be incorporated with exceptional spatial
precision. Instead of being randomly dispersed as is common in conventional solid catalysts,
active centers in MOFs can be positioned uniformly within the framework, enabling clearer

structure-activity correlations. Moreover, the modular nature of MOFs allows catalytic
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functionality to be introduced directly at the metal nodes, embedded in the organic linkers,
or installed post-synthetically as isolated molecular species. This level of control has enabled
MOFs to catalyze reactions ranging from oxidation, hydrogenation, and C-C coupling to
biomimetic and enzyme-like transformations, often with enhanced selectivity and stability
compared to traditional supports. Because their catalytic environments can be engineered at
the molecular level, MOFs serve as highly adaptable platforms for designing next-generation

heterogeneous catalysts.

1.10.1 MOFs as Single-Site Catalysts.

Single-site heterogeneous catalysis has gained significant attention because isolated metal
centers offer uniform coordination environments, high atom efficiency, and well-defined
electronic structures, advantages often lost in nanoparticle-based catalysts. Metal-organic
frameworks provide an ideal scaffold for installing such isolated active sites due to their
crystalline order, modular construction, and predictable anchoring positions within nodes,
linkers, or pore surfaces. The regularity of their structure allows catalytic species to be
immobilized without bulky stabilizing ligands, minimizing site aggregation while maintain-

153;154 Moreover, the confined pore environment can further

ing unhindered substrate access.
tune reactivity and selectivity, enabling MOF-supported single sites to bridge the precision
of homogeneous catalysts with the robustness and recyclability of heterogeneous systems.
Within this context, single-site catalysis in MOFs can arise from intrinsic open metal nodes

or engineered active sites on organic linkers, each offering distinct opportunities for control-

ling activity, selectivity, and mechanism.

1.10.2 Catalysis at MOF Nodes.

Metal nodes in MOFs often contain open or weakly coordinated metal centers that can di-
rectly participate in bond activation and redox processes. Several landmark studies have
demonstrated how these intrinsically accessible nodes function as highly active and struc-

turally well-defined catalytic sites:

e Vanadium-based MIL-47 and MOF-48 Yaghi and co-workers showed that the VOgq

units in MIL-47 and MOF-48 behave like molecular vanadium oxidation catalysts, enabling
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direct methane oxidation to acetic acid with impressive yields using K2S,0g as the termi-
nal oxidant. These frameworks preserve the geometry of homogeneous VO catalysts while

providing the advantages of a stable heterogeneous support. 1%

e [ron nodes in Fe-MOF-74 (Fey 1Mg; (dobdc)) Long and co-workers demonstrated that
site-isolated Fe(II) centers embedded in MOF-74 can react with NoO to form a non-heme
Fe(IV)=0 intermediate, capable of cleaving strong C-H bonds.'®® This system performs
ethane oxidation to ethanol and acetaldehyde, showing how MOF nodes can stabilize oth-

erwise fleeting high-valent metal-oxo species.

e Fe-cluster nodes in MIL-100(Fe) and MIL-68(Fe) The trinuclear FeOg cluster in these
frameworks activates HoO5 under visible light to generate -OH radicals, achieving photocat-
alytic hydroxylation of benzene to phenol. " The rigid Fe-oxo cluster environment prevents

overoxidation and supports efficient regeneration of the catalytic cycle.

e Open metal sites in MOF-74 series (Co-, Ni-, Mg-, Zn-MOF-74) The 1D channels
lined with coordinatively unsaturated metal sites make MOF-74 variants effective for olefin
isomerization, Lewis acid catalysis, and adsorption-driven activation due to their dense

packing of exposed metal centers.!%®

These examples demonstrate the versatility of MOF nodes as built-in catalytic sites ca-
pable of mediating oxidation, C-H activation, and acid-base transformations with molecular-

level precision.

1.10.3 Catalysis at Organic Linkers.

Beyond metal nodes, MOFs offer a powerful route to heterogeneous catalysis by incorporat-
ing catalytic functionality directly into the organic linkers. Because linkers are molecularly
well-defined and uniformly distributed throughout the framework, they allow high loadings
of active sites while preserving the structural order essential for mechanistic analysis. Cat-
alytic motifs including organometallic complexes, organocatalysts, Lewis/Brgnsted acids,
and redox-active ligands can be embedded either through de novo synthesis using pre-
functionalized linkers or via post-synthetic modification. This strategy enables MOFs to
mimic homogeneous catalysts while providing the robustness, recyclability, and confinement

effects of a solid support.
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Representative examples:

e Metalloporphyrin-based MOFs (e.g., PCN-222/PCN-224) Porphyrins, which naturally
mediate oxygen transport and redox chemistry, can be directly built into the framework. Fe-
TCPP-based MOFs such as PCN-222(Fe) show exceptional peroxidase-like activity, outper-
forming natural enzymes like horseradish peroxidase.!% Variants containing Co-porphyrins
(e.g., PCN-224(Co)) catalyze CO; cycloaddition to cyclic carbonates, combining high sta-
bility with excellent reusability.

e Tunable porphyrin linkers for selective oxidation: Modifying substituents (e.g., halo-
gens, alkyl groups) on porphyrin rings within the PCN-224 family allows fine control over
the electronic environment of the metal center.!%%16! These subtle changes can switch cat-
alytic selectivity, for instance, enabling highly selective oxidation of branched alkanes, where
Br-substituted porphyrin MOFs achieve turnover numbers >7000 and 99% selectivity for

tertiary alcohols.

e N-heterocyclic carbene (NHC) metal complexes on linkers Embedding NHC-metal
complexes into UiO-type frameworks creates robust single-site catalysts that retain the
tunability of homogeneous NHC systems. %2 Ir-NHC functionalized UiO-68 shows efficient
isomerization of allylic alcohols, aided by hydrogen-bonding interactions from pendant hy-
droxyl groups. Similarly, PA-NHC linkers integrated into UiO-67 catalyze Heck coupling
reactions and benzyne—alkene insertions, demonstrating how linker design can expand reac-

tion scope. 163

e Pincer-type organometallic linkers Zr-MOFs incorporating Pd-POCOP (aryl diphos-
phinite) pincer linkers exhibit transfer hydrogenation activity that surpasses the performance

164

of the analogous homogeneous complex. ** The rigid MOF environment stabilizes reactive

Pd species and enhances turnover, especially in acidic media where many catalysts fail.

These examples illustrate how MOF linkers can host single, well-defined catalytic centers
with tunable electronic and steric environments. By positioning these sites within ordered
and accessible pores, linker-based MOFs bridge the gap between molecular catalysis and

solid-state stability, enabling reactions that are challenging for conventional supports.
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1.10.4 Examples of Biomimetic MOF catalysts.

Nature’s enzymes achieve remarkable rates and selectivities under mild conditions, but their
fragile structures, narrow operating windows, and complex architectures often limit large-
scale use. Biomimetic catalysis aims to capture enzyme-like activity in robust synthetic
platforms. Metal-organic frameworks have emerged as exceptional candidates for this pur-
pose: their ordered pores, modular chemistry, and accessibility of active sites allow precise
replication and sometimes enhancement of enzymatic functions in a heterogeneous mate-

rial. 16
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Figure 1.10: General design strategies to create biomimetic MOF catalyst

Two general design strategies are used to create biomimetic MOF catalysts (Figure 1.10):

1. Enzyme Immobilization within MOFs. 166

Enzymes can be embedded in MOFs either during synthesis (one-pot encapsulation) or
post-synthetically through adsorption, pore entrapment, or covalent attachment. The rigid
crystalline environment protects the enzyme from denaturation, broadens its operational

stability, and often improves recyclability.

Example: Horseradish peroxidase (HRP) encapsulated in ZIF-8 retains activity in or-
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ganic solvents and elevated temperatures, far exceeding the stability of the free enzyme. 67

2. Installation of Enzyme-Like Active Sites within MOFs.

Instead of loading whole enzymes, MOFs can be built to structurally resemble enzyme

169170 and pore microenvironments

active sites. Their metal nodes,'®® ligand environments,
can be engineered to reproduce the coordination geometry and secondary-sphere effects

found in natural metalloenzymes.

Representative examples include Cytochrome P450 mimics: Fe-porphyrin-based MOFs
(e.g., PCN-222(Fe)) replicate the heme pocket and catalyze oxidation of inert C-H bonds,

showing higher stability and turnover than the native enzyme.!™

Why MOFs Ezcel as Biomimetic Catalysts. ™17

e Confinement: Pores recreate enzyme-like cavities, stabilizing transition states and

controlling selectivity.

e Secondary-sphere control: Hydrogen bonding, hydrophobic pockets, and electrostatic

tuning can be rationally introduced through linker functionalization.

e Stability: Unlike fragile enzymes, MOFs tolerate heat, organic solvents, and oxidative

conditions.

e Modular design: Active sites can be installed with atomic precision either as metalloli-
gands, doped metal nodes, or site-isolated single atoms, allowing direct structure-function

correlations.

Altogether, biomimetic MOFs offer a powerful platform that merges the sophistication
of enzymatic catalysis with the durability and tunability of porous solids. Their ability to
integrate enzyme mimics, stabilize real enzymes, and participate in cascade transformations

positions them as a versatile class of catalysts bridging biology and synthetic chemistry.

1.10.5 MOFs for C-H Activation.

MOFs have emerged as powerful platforms for selective C-H bond activation, particularly
because their well-defined metal nodes and confined pore environments mimic the precision

of molecular catalysts while offering the advantages of a heterogeneous support. Their crys-
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talline structures allow the installation of open metal sites or metal-oxo/hydroxo species that
can activate strong C-H bonds including methane, aromatics, and alkanes under relatively
mild conditions. The spatial confinement within MOFs helps stabilize high-valent metal-
oxo intermediates and control the approach of substrates, thereby enhancing selectivity for

specific C-H positions.

Several MOF systems have demonstrated remarkable activity in C-H functionalization.
Fe-MIL-53, Fe-MOF-74, and MOF-253-Fe generate Fe-oxo or Fe-hydroxo species capable
of activating aromatic C-H bonds for hydroxylation or halogenation.*%!%6 These examples
illustrate how MOFs combine site isolation, tunable coordination environments, and pore
confinement to achieve controlled C-H activation that is difficult to realize using traditional

heterogeneous catalysts.

1.10.6 MOFs for Oxidation Reactions.

Metal nodes in MOFs provide isolated, well-defined environments that make them excellent
platforms for oxidation catalysis. Transition-metal centers such as Fe, Cu, Mn, V, and Ti
can function either as Lewis acids that activate hydroperoxides or as redox-active sites that
cycle between oxidation states to mediate oxygen transfer. Because these sites are embedded
within uniform, porous frameworks, MOFs often show higher selectivity than conventional
heterogeneous catalysts and can operate with greener oxidants such as tert-butyl hydroper-
oxide or molecular oxygen. 77" Their tunable pore environments further allow control over
substrate diffusion and confinement, enabling selective oxidation of alkenes, alkanes, and

alcohols under relatively mild conditions.

Several examples illustrate the advantages of MOF-based oxidation catalysts. Fey(dobdc)
and its Mg-diluted analogue Feq ;Mg o(dobdc) can oxidize ethane to ethanol and acetalde-
hyde using N, O, with studies indicating the formation of a high-valent Fe(IV)=0 species as
the active oxidant.'®® These cases highlight how MOFs combine isolated metal sites, redox
flexibility, and tailored pore microenvironments to deliver efficient and selective oxidation

reactions.
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1.11 Outline of Thesis.

This thesis investigates the rational design of MOF-supported single-site catalysts through
both linker-centered and SBU-centered engineering, and demonstrates how these structural
strategies influence C-H activation and selective oxidation reactivity. Chapter 1 introduces
the foundational concepts of reticular chemistry and MOFs, highlighting how their mod-
ularity enables precise control over active-site environments. Chapter 2 outlines the ex-
perimental and computational methods used throughout the work. Chapters 3-5 focus on
methane oxidation, beginning with a mononuclear Cu(II)-hydroxyl site in MIL-53(Al) for
selective methane-to-acetic-acid conversion, followed by the development of dinuclear Fe(II)-
hydroxyl sites in MOF-253 that mimic methane monoozygenase (MMO)-like Oy activation
to produce acetic acid, and finally a mononuclear Fe(II)-hydroxyl analogue that steers selec-
tivity toward methanol, thereby elucidating how active-site nuclearity governs mechanistic
pathways. Chapters 6 and 7 extend the linker-functionalization approach to aromatic and
alkene oxidation, presenting UiO-based bipyridyl-Fe catalysts that achieve highly selective
benzene hydroxylation to phenol and tunable styrene oxidation using HyO,. Together, these
studies establish a coherent framework connecting MOF architecture, metal coordination en-
vironment, and catalytic behavior, offering design principles for next-generation MOF-based

catalysts for sustainable oxidative transformations.
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Chapter 2

Materials and Methods

Abstract

This chapter summarizes the experimental procedures and characterization methods
used throughout this work. All starting materials, reagents, and solvents were ob-
tained from reliable commercial suppliers, with purification and drying performed
when required. Glassware and reactors were cleaned using standardized solvent rinses
and specialized treatments to ensure contamination-free synthesis. High-pressure
methane and oxygen reactions were carried out in reinforced reactors under strict
safety protocols, while air- and moisture-sensitive steps were conducted using Schlenk
techniques or in an inert-atmosphere glovebox. A comprehensive suite of analytical
tools was employed to characterize the structural, textural, and electronic properties
of the MOF-based catalysts. PXRD, BET, FT-IR, TGA, SEM-EDX, ICP-OES, XPS,
EPR, and XAS provided detailed insight into crystallinity, porosity, functional groups,
metal loading, oxidation states, and local coordination environments. Reaction mix-
tures were analyzed using NMR, GC, and HPLC for accurate product identification
and quantification. Complementary density functional theory (DFT) calculations were
performed to probe active-site structures, reaction energetics, and mechanistic path-
ways. Together, these methods establish a rigorous and reproducible foundation for

the catalytic studies presented in this thesis.
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2.1 Chemicals, Reagents, and Solvents Used

All chemicals, precursors, and solvents employed in the studies presented in subsequent
chapters were acquired from reliable commercial suppliers to ensure reproducibility and
consistency. Most linker molecules and metal salts required for MOF syntheses were ob-
tained directly, including terephthalic acid and biphenyldicarboxylic acid from Alfa Aesar.
Transition-metal precursors such as Fe(II)/Fe(III) chlorides, aluminium chloride, sodium
borohydride, and sodium triethylborohydride were sourced from Sigma-Aldrich. Additional
materials, including ZrCly (GLR Innovations), CuCly, sodium sulfite, DMPO, and TEMPO
derivatives (CDH Chemicals), were procured as needed. Isotopically enriched substrates
used for tracer and mechanistic experiments, including *CH, were obtained from Sigma-
Aldrich. When certain intermediates or reagents were not commercially available, they were
synthesized in-house following established literature procedures, as detailed in the corre-
sponding experimental sections. This combined procurement—preparation strategy ensured
high reliability and precise control over all materials used throughout the thesis.Benzene,
styrene, and other substituted styrene derivatives used in oxidation studies were similarly

procured from commercial chemical suppliers in high-purity grades.

Solvents were purchased in high-purity analytical grades from suppliers such as CDH
Chemicals (DMF, THF, acetonitrile, ethylene glycol) and Avra Synthesis (toluene, anisole,
2-butanone). Ultrapure deionized water was generated using a Milli-Q EQ-7000 purification
system. Where required, moisture-sensitive solvents were dried prior to use, for example,
THF was purified by initial treatment with calcium hydride followed by distillation over a

sodium /benzophenone mixture to ensure rigorous anhydrous conditions.

2.2 Cleaning of Glassware

All glassware used in synthesis or catalytic reactions was cleaned following a strict multistep
protocol to eliminate any trace impurities that could interfere with sensitive experiments.
Initially, each piece was rinsed with a nonpolar solvent such as hexane to remove grease or
residual organic films, followed by sequential washes with acetone and a laboratory detergent
solution. After an extensive rinse with tap water, the glassware was submerged in a strongly

alkaline cleaning bath for several hours to dissolve stubborn residues and surface-bound
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contaminants.

Once removed from the base bath, the items were thoroughly washed with running
water to remove alkaline residues and briefly treated with a dilute hydrochloric acid rinse
to neutralize any remaining basic species. This was followed by washing with soap solution,
successive rinsing with tap water, deionized water, and finally acetone to ensure complete
removal of moisture. Cleaned glassware was dried in an oven maintained at 110 °C and
cooled either under vacuum or in the glovebox antechamber whenever air-sensitive work

was anticipated.

The alkaline bath used for deep cleaning was prepared by dissolving potassium hydroxide
flakes in a mixture of isopropanol and water, stored in a sealed plastic container to minimize
evaporation. Fresh isopropanol was added periodically to maintain the bath’s effectiveness,

and the solution was replaced once a dark coloration indicated saturation with contaminants.

2.3 High-Pressure Reactions

Reactions involving compressed gases were carried out in dedicated high-pressure reactors
(Amar PP-100-6624-00), equipped with calibrated gauges capable of reading up to 3000
psi. Because most of the catalytic systems in this work require methane-oxygen mixtures,
all experiments were performed under strict safety controls to mitigate the inherent risk
of combustion or explosion. The reactors were placed inside a reinforced polycarbonate
fume hood, allowing continuous visual inspection while providing an additional containment

barrier.

A meticulous operational procedure was followed for every run. Before loading reagents,
the reactor body, head assembly, valves, and sealing components were examined for damage,
corrosion, or loose fittings. O-rings, gaskets, and rupture discs were replaced whenever signs
of wear were detected. To eliminate residual air, the assembled reactor was repeatedly

purged with dry nitrogen until an oxygen-free atmosphere was assured.

For methane oxidation experiments, methane was always introduced first, followed by
oxygen, ensuring controlled and safe pressurization. During the reaction, pressure and
temperature were monitored continuously through external displays. After completion, the

reactor was cooled to room temperature and depressurized slowly according to standard
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safety procedures to avoid sudden pressure release.

Cleaning was performed immediately after venting: the interior chamber, dip tubes, and
valves were rinsed with acetone and then washed with deionized water using non-abrasive
methods to prevent scratching the metal surface. The reactor was subsequently dried under
vacuum or under a stream of inert gas. Before storage, a final leak test was done to confirm
system integrity, ensuring that the reactor was fully prepared for the next high-pressure

experiment.

2.4 Air-Sesitive Reactions

Reactions involving moisture- or oxygen-sensitive reagents were carried out exclusively in a
Vigor SG1200/750TS-F glovebox maintained under a high-purity nitrogen atmosphere. Be-
fore starting any experiment, the glovebox environment was stabilized by ensuring that both
O, and H50 levels remained below 3 ppm, and all work surfaces were cleaned to avoid cross-
contamination. Chemicals, consumables, and reaction vessels were transferred through the
antechamber using repeated evacuation—refill cycles to prevent air ingress. Throughout each
experiment, the glovebox atmosphere was continuously monitored and maintained to ensure
inert conditions. Solvent removal and sample drying inside the glovebox were performed us-
ing an integrated high-vacuum line fitted with a liquid-nitrogen cold trap, preventing volatile
contaminants from re-entering the working environment. This controlled setup ensured the

safe and reliable handling of all air-sensitive materials used in subsequent chapters.

2.5 Instrumental Methods

A comprehensive suite of analytical and spectroscopic tools was utilized to examine the
structural, compositional, and electronic features of the synthesized MOF-based catalysts.
The techniques outlined in the following subsections detail the instruments used, the key
operating conditions, and the specific type of information each method provided. Together,
these methods ensured an in-depth and reliable characterization of the materials discussed

in this thesis.
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2.5.1 Powder X-ray Diffraction (PXRD).

Air-dried MOF samples were analyzed by powder X-ray diffraction to verify their crystalline
structure and confirm phase purity. PXRD patterns were recorded at ambient temperature
on a Bruker Advance diffractometer using Ni-filtered Cu Ko radiation (A = 1.5406 A).
Diffraction data were collected over a 26 range of 4-70 °C, with a step size of 0.05°and
a counting time of 1 s per step. The obtained patterns were compared with simulated
diffractograms generated from crystallographic models to ensure that the materials were
monophasic and structurally consistent with the expected framework. Any discrepancies
in peak positions or relative intensities were further examined to assess possible impurities,

structural distortions, or secondary phases.

2.5.2 Brunauer—-Emmett—Teller (BET) Surface Area Analysis.

Surface area and porosity measurements were carried out after carefully preparing the MOF
samples to preserve their structural integrity. Initially, each material was dried under vac-
uum at room temperature to remove loosely bound moisture. To avoid framework collapse
during solvent removal, a freeze-drying protocol was employed: the MOFs were exchanged
into benzene, cooled to 10 °C, and gradually evacuated under low temperature conditions.
This step ensured gentle solvent extraction while maintaining pore architecture. The sam-
ples were then subjected to a final activation at 80 °C under dynamic vacuum for 24 h to

fully eliminate residual solvents.

BET measurements were performed using a Microtrac BELLSORP MAX II system op-
erating under ultra-high vacuum. Nitrogen adsorption—desorption isotherms were collected,
and the linear region of the BET plot was used to calculate surface areas. The resulting
isotherms were examined to confirm the characteristic microporous behavior of the frame-

works and to extract reliable textural parameters such as surface area and pore volume.

2.5.3 Thermogravimetric Analysis (TGA).

Thermal behaviour and framework stability were examined using a PerkinElmer TGAT

instrument. Samples were finely powdered before loading and analysed under a steady ni-
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trogen stream to maintain an inert environment. Fach sample was heated from 40 °C to 800

1 allowing clear identification of mass-loss events

°C at a uniform ramp rate of 10 °C min
associated with solvent removal, guest desorption, and eventual framework decomposition.
In selected cases, MOF samples dispersed in THF were analysed without prior drying to
observe the influence of retained solvent on their thermal response. The combined mea-

surements provided detailed insight into both activation-related mass losses and intrinsic

thermal robustness of the materials.

2.5.4 Fourier Transform Infrared Spectroscopy (FT-IR).

FT-IR measurements were carried out to probe functional groups and verify the coordination
environment within the synthesized MOFs. Prior to analysis, samples were dried overnight
under dynamic vacuum at 90 °C and transferred into the glovebox to avoid exposure to
ambient moisture. Inside the inert atmosphere, a small quantity of the activated solid
was finely ground with anhydrous KBr and pressed into a transparent pellet to ensure
uniform dispersion of the material. Spectra were recorded on a Nicolet Protege 460 (Bruker)
operating in transmission mode. Before collecting data, the instrument compartment was
purged with dry nitrogen for approximately 20 minutes to remove atmospheric CO, and

water vapour, ensuring a clean baseline and reliable spectral features.

2.5.5 Scanning Electron Microscopy—Energy Dispersive X-ray Spectroscopy
(SEM-EDS).

Surface morphology and elemental distribution were examined using a Zeiss FE-SEM Ultra
Plus 55 operated at an accelerating voltage of 20 kV. Before analysis, the MOF samples
were thoroughly dried under vacuum, and a small portion of the powder (approximately
1-2 mg) was gently spread onto conductive carbon tape to ensure good adhesion and charge
dissipation. High-resolution SEM imaging was used to visualize particle size, shape, and
surface texture, while the integrated EDS detector provided complementary compositional

information by identifying and mapping the elements present within the sample.
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2.5.6 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES).

Quantitative metal analysis was performed using an Agilent 5110 ICP-OES instrument.
Prior to measurement, the MOF samples were thoroughly dried under vacuum and digested
in a mixture of HF and HNOj to ensure complete breakdown of the framework. The di-
gested solutions were then diluted with 5% HNOj3; and analyzed against a six-point external
calibration curve (0.1-20 ppm), which consistently showed correlation coefficients above
0.999. Certified reference standards and repeated measurements were used to validate both

accuracy and reproducibility.

2.5.7 Electron Paramagnetic Resonance (EPR).

EPR measurements were carried out in the X-band using a Bruker A300-9.5/12/S/W spec-
trometer. Solid-state samples were first dried under vacuum and sealed in quartz tubes
before data acquisition at ambient temperature. For liquid-phase measurements, an aliquot
of the reaction mixture was mixed with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) to trap
short-lived radical species, and the solution was immediately transferred to an EPR tube.
Spectra were analyzed and simulated using Bruker Simfonia software, allowing resolution of

overlapping features and identification of radical intermediates generated during catalysis.

2.5.8 X-Ray Photoelectron Spectroscopy (XPS).

Surface elemental composition and oxidation states were examined using a Physical Elec-
tronics 5000 VersaProbe III system equipped with an Al-Ka radiation source (1486.6 eV).
All spectra were referenced to the adventitious carbon C 1s peak at 284.8 eV to ensure ac-
curate energy calibration. Peak fitting and deconvolution were carried out using CasaXPS,
allowing reliable distinction of closely spaced or overlapping features. This analysis provided
detailed information on the chemical environment and electronic state of the metal centers

within the MOF samples.
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2.5.9 X-Ray Absorption Spectroscopy (XAS).

X-ray absorption measurements, encompassing both XANES and EXAFS regions, were car-
ried out at the Energy Scanning EXAFS beamline (BL-9) at the Indus-2 Synchrotron Radi-
ation Facility, Indore. Experiments were performed at room temperature across an energy
window of approximately 4-25 keV. The beamline configuration included a Rh/Pt-coated
collimating mirror, a Si(111) double-crystal monochromator for precise energy selection,
and a downstream Rh/Pt-coated focusing mirror to maintain beam stability. Data were
collected in transmission geometry using a pair of ionization chambers, with metal foil stan-
dards measured simultaneously to ensure accurate energy calibration. For analysis, finely
ground MOF powders were blended with cellulose and pressed into 15-mm pellets to achieve
appropriate absorption edge step heights. Spectral processing and fitting of XANES and
EXAFS features were performed using the Demeter software suite, enabling detailed insight

into local coordination environments around the metal centers.

2.6 Analytical Technique

2.6.1 Nuclear Magnetic Resonance (NMR).

After each catalytic reaction, the liquid phase was mixed with D5O in a 1:1 ratio and
sonicated to ensure complete dissolution of all analytes. The solution was then transferred
to an NMR tube for analysis. 'H and *C NMR spectra were recorded on a Bruker DRX
instrument operating between 300-500 MHz. These measurements were used to identify
and quantify reaction products based on well-resolved chemical shifts and integrals. Routine
data processing such as phase correction, baseline adjustment, and signal integration was

performed to ensure reliable evaluation of product distribution and reaction conversion.

2.6.2 Gas Chromatography (GC).

Once the reactor returned to room temperature, gases were withdrawn using a Tedlar bag
and analyzed on an Agilent 8890 GC equipped with a thermal conductivity detector (TCD).
The system was fitted with a PoraPlot Q column coupled to a molecular-sieve column,

enabling separation of light hydrocarbons and permanent gases.
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For liquid-phase analysis, 1 mL of the reaction mixture was collected while still cold,
briefly centrifuged to remove solids, and the clear supernatant was transferred to a GC vial.
Ethylene glycol (5 uli) was added as an internal standard to ensure accurate quantification.
Liquid products were examined using two complementary instruments: an Agilent 8890
GC with an FID and a DB-WAX column for routine quantification, and an Agilent 7890B
GC coupled to a mass spectrometer for product identification. Instrumental parameters,
calibration details, and compound response factors are described in the relevant experimental

chapters.

2.6.3 High-Performance Liquid Chromatography (HPLC).

For HPLC analysis, 1 mL of the chilled reaction mixture was collected and briefly centrifuged
to remove any suspended solids. The clear supernatant was transferred to an HPLC vial
and spiked with 10 uL. of 2-butanone, which served as the internal standard. A 100 uL
portion of this solution was injected into an Agilent 1260 Infinity II system equipped with a
refractive index detector and a Hi-Plex H column. Product concentrations were determined
using external calibration curves generated from authentic standards, enabling accurate

quantification of liquid-phase components and calculation of their yields.

2.7 Calculations for conversion and selectivity

The catalytic performance across all reactions was evaluated in terms of substrate conversion,
product selectivity, and carbon balance. The extent of conversion was determined from the
difference between the initial and post-reaction amounts of the substrate, as quantified using
gas chromatography (GC) and/or other appropriate analytical techniques depending on the

system.

The substrate conversion (%) was calculated using the following expression:

les of substrat d
Conversion (%) = HOeR 07 SUDSITAte COmSITe % 100 (2.1)
initial moles of substrate

The product selectivity (%) toward a specific product was calculated as:
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Selectivity (%) = moles of desired product formed

100 2.2
moles of substrate consumed x (2:2)

For reactions involving multiple carbon-containing products, a carbon balance analy-
sis was performed by accounting for all products in both liquid and gas phases. The carbon

balance (%) was calculated as:

total carbon in all products

Carbon balance (%) = x 100 (2.3)

total carbon consumed from substrate

2.8 Metal Incorporation Analysis

The extent of metal incorporation into the MOF frameworks was determined using Induc-
tively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). The experi-
mentally measured metal content was compared with the theoretical metal loading based

on the number of available coordination sites within the framework.

The metal site incorporation (%) was calculated as:

experimental metal loading

Metal incorporation (%) = x 100 (2.4)

theoretical metal loading

The results indicate that metal incorporation is not necessarily complete and varies
depending on factors such as the metal precursor, synthesis conditions, and accessibility of
coordination sites within the porous framework. These values are discussed in the respective

chapters for each catalyst system.

2.9 Theoretical Studies

Computational investigations were performed using density functional theory (DFT) as im-
plemented in the Gaussian software package. Geometry optimizations were carried out at
the unrestricted level with hybrid functionals such as B3LYP, and appropriate basis sets
were chosen for main-group elements and transition metals to achieve a balance between

accuracy and computational cost. Solvent effects were modeled using the IEFPCM variant
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of the polarizable continuum model, with parameters tailored to match the reaction medium
used experimentally. Each optimized structure underwent vibrational frequency analysis to
verify that intermediates corresponded to true minima and transition states displayed a sin-
gle imaginary frequency. Thermochemical corrections were derived from these calculations

to obtain Gibbs free energies.

For metal-containing species, multiple spin states were examined to identify the ener-
getically preferred configuration, and alternative coordination environments were evaluated
when relevant. Corrections were applied for coordinated solvent molecules when necessary
to ensure realistic energetic comparisons. All key intermediates and transition states were
validated through relative energy analysis, and system-specific computational details are

provided in the relevant results chapters.
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Abstract

The direct transformation of methane into C, oxygenates such as acetic acid selectively
using molecular oxygen (O,) is a significant challenge due to the chemical inertness
of methane, the difficulty of methane C-H bond activation/C-C bond coupling and
the thermodynamically favored over-oxidation. In this study, we have successfully
developed a porous aluminum metal-organic framework (MOF)-supported single-site
mono-copper (II) hydroxyl catalyst [MIL-53(Al)-Cu(OH)|, which is efficient in directly
oxidizing methane to acetic acid in water at 175 °C with a remarkable selectivity using
only Os. This heterogeneous catalyst achieved an exceptional acetic acid productivity
of 11796 mmolcyscozn molay™t h! in 9.3% methane conversion with 95% selectivity
in the liquid phase and can be reused at least 6 times. Our experiments, along with
computational studies and spectroscopic analyses, suggest a catalytic cycle involving
the formation of a methyl radical ((CHj). The confinement of Cu-active sites within
the porous MIL-53(Al) MOF facilitates C-C bond coupling, resulting in the efficient
formation of acetic acid with excellent selectivity due to the internal mass transfer
limitations. This work advances the development of efficient and chemoselective earth-
abundant metal catalysts using MOFs for the direct transformation of methane into

value-added products under mild and eco-friendly conditions.

3.1 Introduction

Acetic acid is a crucial commodity chemical in the industrial sector, with a global market
volume exceeding 19 million metric tons.! It is used extensively as vinegar, an antiseptic,
and a solvent and also serves as a precursor in the production of acetate esters, vinyl ac-
etate monomers, and acetic anhydride.?* The industrial synthesis of acetic acid involves a
three-step process that is capital- and energy-intensive: (1) conversion of coal or methane
into synthesis gas (syngas) through steam reforming of methane or coal gasification at high
temperatures; (2) catalytic conversion of syngas to methanol at elevated temperatures; (3)
subsequent rhodium or iridium catalyzed carbonylation of methanol by the Monsanto or
Cativa process to yield acetic acid.®1° Direct conversion of methane to acetic acid utilizing
only Oy would be both environmentally friendly and economically advantageous. However,

this process is extremely challenging due to methane’s chemical inertness caused by its high
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C-H bond energy (104 kcal mol!), low polarizability, low acidity (pKa ~ 50), and large
HOMO-LUMO gap. 12 Direct oxidation of methane to acetic acid also suffers from poor
productivity and selectivity due to the challenges associated with simultaneous methane C-H
bond activation/C-C bond coupling and the over-oxidation of the acetic acid to produce CO

and CO,.
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Figure 3.1: Development of the porous aluminium-MOF confined mono-Cu(II) hydroxyl cat-
alyst for the direct and selective oxidation of methane to acetic acid utilizing

only Os as the oxidant.

Several late-transition metal catalysts, such as Au/H-MOR (Au nanoparticles dispersed on
mordenite),’® Rh; /pMOF,!* and ZSM-5-supported-Rh,! Ru,! and Ir!” have been devel-
oped, which utilize toxic CO along with O, for the conversion of methane to acetic acid.
However, the use of toxic CO and precious metals, along with poor selectivity and low
productivity of acetic acid, highlights the need for further advancements in designing and
synthesizing catalysts for the cost-effective and environmentally sustainable production of
acetic acid. Examples of catalysts enabling the conversion of methane to acetic acid using
only O, are rare.® ?? Recent interest has focused on metal-organic frameworks (MOFs) to
develop catalysts for direct methane oxidation to valuable products.?33% MOFs, built from
metal-oxo cluster nodes interconnected by organic linkers, have been used to develop well-de-
fined earth-abundant metal catalysts for chemoselective reactions owing to their crystalline
structure, tunable pore size, reticular synthesis, ease of post-synthetic modification and ac-
tive-site isolation.?®37 4% Notably, the post-synthetic metalation of MOFs’ nodes allows the
development of highly electrophilic base-metal catalysts, enabling methane activation via
o-bond metathesis.??2%28 n addition, the high surface area of MOFs prevents overoxidation
by adsorbing the reactive intermediates formed during the catalysis. Moreover, the confined
space within the MOF’s micropores enhances the local concentration of methane around the

active site and facilitates C-C coupling within the pores (Figure 3.1).
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We recently reported a cerium UiO-MOF’s node-supported electrophilic copper(II) hydrox-
ide catalyst, which activates methane via o-bond metathesis and subsequently converts it to
acetic acid using only O, as the oxidant.?? We envisioned that developing MIL-53(Al) node
supported Cu(IT) hydroxyl species would be more efficient in activating methane in a similar
manner due to the increased charge density of AlI*" ions and two additional oxygen atoms
in the coordination sphere of the Cu?" ion. Moreover, the less sterically hindered Al-oxo
nodes in MIL-53(Al) would provide more accessible active copper centres compared to the
UiO-MOF analogues. Herein, we report the development of a mono-copper(Il) hydroxyl
species confined within the porous aluminium MOF, enabling direct methane oxidation to
acetic acid using O at 175 °C. This process achieves a productivity of 11796 mmolcuscoszn

molc, ! h'!, with a methane conversion of 9.3% and a selectivity of 95% in the liquid phase.

3.2 Results and Discussions

3.2.1 Synthesis and Characterization of MIL-53-Cu(OH) MOF

MIL-53-Cu(OH) was synthesized through a post-synthetic modification of the aluminium
hydroxyl nodes of the MIL-53(Al) MOF, which has the chemical formula of [Al(OH)(BDC)]
(HeBDC = 1,4-benzenedicarboxylic acid). The synthesis involved a solvothermal reaction
of 1,4-benzenedicarboxylic acid (H,BDC) and AlCl3.6H50 in dimethylformamide (DMF) at
120 °C for 2 days, resulting in the formation of MIL-53(Al) as a white crystalline solid. In
MIL-53(Al) MOF, AI*" ions are coordinated in an octahedral manner with po-hydroxide
and 1,4-benzenedicarboxylate (bdc?*) bridging linkers forming a three-dimensional porous
topology with rhombic channels.®%%! The pu,-OH of the SBUs was deprotonated using
n-BulLi, followed by a salt metathesis reaction of CuCly in tetrahydrofuran (THF) to yield
MIL-53(Al)-CuCl as a yellowish-green solid. Further treatment of MIL-53(Al)-CuCl with
NaEt3;BH in THF at room temperature facilitated halide-hydride exchange at the Cu ion,
resulting in MIL-53(Al)-CuH. This material, upon subsequent treatment with water trans-
formed into MIL-53(Al)-Cu(OH). Analysis by inductively coupled plasma optical emission
spectroscopy (ICP-OES) showed that MIL-53(Al)-Cu(OH) has 24% copper loading with re-
spect to pe-OH, resulting in the chemical formula of AlO554CsH5Cug 4. The similarity in the
powder X-ray diffraction (PXRD) patterns of MIL-53(Al)-CuCl, MIL-53(Al)-Cu(OH) and




3.2 Results and Discussions 77

(a) A

ah

MIL-53(Al)-Cu after catalysis (run-5)
A

LA.A‘

MIL-53(Al)-Cu after catalysis (run-2)

N T MIL-53(Al)-CuOH
N ~ —— Adsorption of MIL-53(Al)
TR NN MIL-53(Al)-CuCl —« Desorption of MIL-53(Al)
o 1004 —— Adsorption of MIL-53(Al)-Cu(OH)
' ™ pristine MIL-53(Al) —— Desorption of MIL-53(Al)-Cu(OH)
l simulated MIL-53(Al) o]
T T T T T N
T v T 1) L) T 0 0.2 04 0.6 0.8 1 965 960 955 950 945 940 935 "
10 20 30 Lo 40 50 60 70 PIPo Binding Energy (eV)
(d) MIL-53(Al)-Cu(OH) (e) —— Cu foil (f)
—— MIL-53(Al)-Cu after catalysis g,=2.31

—— MIL-53(Al)-CuOH
——cCuCly

A, =159.2

MIL-53(Al)-Cu(OH)

Normalized ,(E)

//ﬂ

2000

g, =2.07

00 30 w00
Magnetic Field (Gauss) A, = not resolved

2400 3000 3600 4200

8960 8980 9000 9020
Energy (eV) Magnetic Field (Gauss)
MIL-53(Al)-Cu(OH)

RIS

—_
=
-~
(2]
- <
(o]
a
8
—_
-~

Ix(R)A3)

& |F.T (exp)|

3 T = . :
IF.T (fit)] L 4
window 9 9
Real (fit) Cu foil .
v Real (exp) —_— —
T

v
V
M 3o
A 4 M

W

: : : : p P 3

1 2 R(A) 3 4 R(A)

Figure 3.2: (a) PXRD patterns of the simulated MIL-53(Al) MOF (black), pristine MIL-

53(Al) MOF (red), MIL-53(Al)-CuCl MOF (blue), MIL-53(Al)-CuOH MOF
(green), MIL-53(Al)-Cu after run-2 (wine) and run-5 of catalysis (magenta).
(b) Ny sorption isotherms of MIL-53(Al) (black) and MIL-53(Al)-Cu(OH) (red)
measured at 77 K. (¢) Cu 2p XPS spectra of MIL-53(Al)-Cu(OH) (top) and
MIL-53(Al)-Cu after catalysis (bottom). (d) Al 2p XPS spectra of MIL-53(Al)-
Cu(OH) (top) and MIL-53(Al)-Cu after catalysis (bottom). (e) Cu K-edge
XANES spectra of Cu-foil (grey), CuCly (green), MIL-53(Al)-Cu(OH) (blue)
and MIL-53(Al)-Cu after catalysis (red). (f) X-band EPR spectra of MIL-
53(Al)-Cu(OH) at 298 K. (g) EXAFS spectra and fits in R-space at the Cu
K-edge of MIL-53(Al)-Cu(OH) with the magnitude and real component of the
Fourier transformation shown as solid and hollow triangles in blue color, re-
spectively. The fitting range in R-space is 1.1-3.8 A (within the grey line);
(h) k*-weighted Cu-EXAFS (R) spectra of MIL-53(Al)-Cu(OH) (black), CuO
(pink), Cu(OH), (blue), and Cu foil (red). (i) DFT optimized structure of MIL-
53(Al)-Cu(OH)(OHy).

MIL-53(Al) reveals that the crystallinity and structure of the MIL-53(Al) MOF remained

intact even after post-synthetic metalation (Figure 3.2a). MIL-53(Al)-Cu(OH) has a BET
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surface area of 1263 m? g! and a pore diameter of 0.60 nm (Figure 3.2b). The slightly
reduced surface area of MIL-53(Al)-Cu(OH) compared to that of MIL-53(Al) (1386 m? g ')
is ascribed to the presence of Cu(OH) species within the MOF pores (Figure 3.2b). The
structure and stability of the MOF were further examined by infrared spectroscopy (IR) and
thermogravimetric analysis (TGA), respectively (Figure 3.10 and 3.9). Scanning electron
microscopy (SEM) images showed that MIL-53(Al)-Cu(OH) particles are nearly spherical,
with an average size of 200 nm (Figure 3.12). In the scanning electron microscopy (SEM)
energy-dispersive X-ray (EDX) mapping of MIL-53(Al)-Cu(OH), it was observed that Al
and Cu are uniformly distributed throughout the MOF particles (Figure 3.12).

The X-ray photoemission spectroscopy (XPS) spectrum of MIL-53(Al)-Cu(OH) showed Cu
2p3/2 binding energies at 933.13 eV and 934.37 eV with satellite peaks at 941.05 eV, 943 eV,
and 944.79 eV, indicating a +2-oxidation state of the copper ion. In this XPS spectrum, the
Cu 2p; /2 binding energies are centered at 952.92 eV and 954.41 eV, with satellite features at
961.52 eV, 962.96 eV and 965.49 eV, which is consistent with the presence of Cu?" ions (Fig-
ure 3.2¢).5? The fitted Al 2p spectrum displays four peaks at binding energies of 74.44 eV,
74.9 eV, 76.09 ¢V, and 78.1 ¢V (Figure 3.2d). The peaks at 74.44 ¢V and 74.9 eV are assigned
to the spin-orbit coupled components AI*" 2ps /2 and AIPT 2p; /2, respectively. Additionally,
the peaks at 76.09 eV and 78.1 eV are attributed to the Cu(II) (3ps/2-3p1/2) doublet.?
The existence of Cu?" ions was further supported by X-ray absorption near edge structure
(XANES) analysis, which demonstrated the alignment of the K-edge energy of Cu ions in
MIL-53(Al)-Cu(OH) (8984.9 eV) with that of penta-coordinated Cu*" (Figure 3.2¢).%* The
X-band electron paramagnetic resonance (EPR) spectrum of MIL-53(Al)-Cu(OH) recorded
at 298 K displayed g = 2.31, A} = 159.2 and g, = 2.07 with a poorly resolved perpen-
dicular component, corresponding to the square pyramidal geometry of Cu®" ions (Figure
3.2f).55757 Furthermore, fitting the extended X-ray absorption fine structure (EXAFS) data
with the density functional theory (DFT) optimized structure of MIL-53(Al)-Cu(OH)(OHy)
(Figure 3.2g) revealed that the Cu®*" ion has a distorted square pyramidal geometry, coor-
dinating with one u3-O" (Cu-Op,.0-: 1.91 A), one hydroxide (Cu-Oon: 1.88 A), two neu-
tral carboxylate oxygen atoms (Cu-Ocarboxylate: 1.95 A) and one water molecule (Cu-Oy,0:
2.42 A) (Figure 3.2i). The phase uncorrected k*weighted Cu-EXAFS (R) spectrum of
MIL-53(Al)-Cu(OH) lacked the Cu-Cu scattering feature at 2.14 A of Cu foil, further con-
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firming the absence of Cu nanoparticles in the MIL-53(Al)-Cu(OH) MOF (Figure 3.2h).
The distinctive scattering feature at 1.47 A in the same spectrum corresponds to Cu-O
scattering, similar to that observed in CuO and Cu(OH)y (Figure 3.2h). In addition, the
EXAFS data of MIL-53(Al)-Cu(OH) were also fitted to its DFT model with 5-80% metallic
Cu or 5-80% CuO (Figure 3.20). Significant discrepancies and elevated R-factors indicated
that no metallic Cu nanoparticles or CuO were present in MIL-53(Al)-Cu(OH). The EXAFS
analysis revealed that MIL-53(Al)-Cu(OH) contains node-supported single-site monomeric
Cu''(OH) species, which have no Cu neighbours.

3.2.2 Catalytic performance for methane oxidation to acetic acid

MIL-53(Al)-Cu(OH) was tested as a heterogeneous catalyst for methane conversion to acetic
acid using O, as the oxidant. The methane oxidation reactions were performed in a high-
-pressure batch reactor by varying the temperature, ratio of methane to Os in the feed,
solvents, and reaction time. The liquid products were analyzed using a gas-chromatograph
equipped with a mass spectrometry (MS) detector and a flame-ionization detector (GC-FID),
while the gas analysis was performed using a GC-thermal conductivity detector (GC-TCD).
The quantification of liquid oxygenates was further confirmed using a high performance
liquid chromatograph (HPLC) equipped with a refractive index detector. The reaction of
methane (30 bar) and O, (10 bar) in an aqueous suspension of MIL-53(Al)-Cu(OH) (3.8
mg, 4.0 mol Cu) at 150 °C in 32 h produced 1.15 mmol of CH3CO2H as the primary product
along with minor quantities (9.5%) of methanol and ethanol in the liquid phase. In this re-
action, no formic acid or any other oxygenated products were observed. Additionally, 0.032
mmol of CO, were detected as a side product in the gas phase. The reaction conditions

were further optimized to get the highest yield and selectivity of acetic acid.

Effect of Solvent:

Various polar and non-polar solvents were tested to optimize the yield of acetic acid for
MIL-53(Al)-Cu(OH) catalyzed methane oxidation. Acetic acid was only formed in water
and the catalyst was inactive in other solvents such as heptane, toluene, and THF (entries

22-24, Table 3.2). This result may be attributed to the role of water as one of the reactants
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in the synthesis of acetic acid. Subsequently, we conducted experiments to optimize the
amount of water solvent for maximizing the yield of acetic acid. 1.15 mmol of acetic acid
was achieved using 7 mL of water under the same reaction conditions (150 °C, 30 bar CHy,

10 bar O, and 32 h).
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Figure 3.3: (a) Effect of temperature on oxygenated product yields and selectivity of acetic
acid. Reaction conditions: MIL-53(Al)-Cu(OH) (3.8 mg, 4.0 umol), 30 bar CHy,
10 bar Og, 7 mL water and 32 h. (b) Effect of Oy pressure on the oxygenated
product yields and selectivity of acetic acid. Reaction conditions: MIL-53(Al)-
Cu(OH) (3.8 mg, 4.0 mol), 30 bar CHy, 175 °C, 7 mL water and 32 h, balanced
with Ny to maintain a total pressure of 40 bar. (c) Effect of CH4 pressure on the
oxygenated product yields and selectivity of acetic acid. Reaction conditions:
MIL-53(Al)-Cu(OH) (3.8 mg, 4.0 pumol), 10 bar O, 175 °C, 7 mL water and 32
h, balanced with Ny to maintain a total pressure of 40 bar. (d) Effect of time on
the oxygenated product yields and selectivity of acetic acid. Conditions: MIL-
53(Al)-Cu(OH) (3.8 mg, 4.0 pumol), 30 bar CHy, 10 bar O,, 7 mL water and 175
°C.

Effect of reaction temperature:

To determine the minimum temperature required to achieve maximum acetic acid yield in

methane oxidation using O, the influence of temperature was examined within the range
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of 100-200 °C with methane (30 bar) and O5 (10 bar) over 32 h (Figure 3.3a). The yields
of liquid products increased as the temperature was raised from 100 to 175 °C reaching a
peak of 1.51 mmol of acetic acid at 175 °C. However, when the temperature was further
increased beyond 175 °C, the yield of acetic acid decreased significantly, with COy as the
major product. This decline in the yield of acetic acid beyond 175 °C is primarily attributed

to the over-oxidation of methane (Figure 3.3a).

Effect of partial pressure of O, and methane:

To optimize the partial pressures of Oy and methane, the total reaction vessel pressure was
maintained at a constant 40 bar, balanced with nitrogen, to ensure accurate comparisons
as different pressures can influence methane solubility. The effect of Oy partial pressure on
methane oxidation was investigated at 175 °C under a mixture of CHy (30 bar) and varying
partial pressures of Oy (2-10 bar) for 32 h. As illustrated in Figure 3.3b, the optimal
productivity of CH3COyH (acetic acid) with MIL-53(Al)-Cu(OH) was achieved at a Pg, of
10 bar. The oxidation of methane to acetic acid increased with higher partial pressures of
O,, peaking at 10 bar of Os pressure (entries 8-11, Table 3.2). At an elevated Oy pressure of
15 bar (entry 24, Table 3.3), acetic acid selectivity dropped to 38.3%, with COy becoming
the major product. This suggests that higher Oy pressures favor C-O bond formation due
to the increased reactivity of carbon-centered radicals with molecular oxygen. Additionally,
the methane oxidation reactions were conducted at 175 °C for 32 h in a mixture of 10 bar
of Oy and variable methane pressures to examine the correlation between the pressure of
methane and the yield of acetic acid (Figure 3.3¢). It was observed that the yield of acetic
acid increased from 0.17 to 0.97 mmol as the methane pressure was raised from 10 to 25 bar
(entries 12-14, Table 3.2). The highest yield of 1.51 mmol of acetic acid was achieved at a

methane pressure of 30 bar (Figure 3.3c).

Effect of reaction time:

The impact of reaction time on methane oxidation was evaluated over a period of 1-50 h
using CH, (30 bar) and Oy (10 bar) at 175 °C (Figure 3.3d). The findings indicated a
direct relationship between the acetic acid yield and reaction time within the 1-40 h range.

Initially, no acetic acid was detected within the first hour, but as the reaction time increased,
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0.18, 0.38, and 0.72 mmol of acetic acid were obtained in 6, 12 and 24 h, respectively. The
highest yield of 1.51 mmol of acetic acid was achieved at 32 h, with an impressive 92%
selectivity. Extending the reaction time to 40 h resulted in a slight increase in acetic acid
yield to 1.68 mmol, although with reduced selectivity (84%). Further continuing the reaction
to 50 h resulted in a decrease in acetic acid yield to 1.61 mmol, along with an increase in
CO,, which are thermodynamically more favorable. This decline in product selectivity
can be attributed to the over-oxidation of liquid products due to the prolonged reaction
time. As a result, MIL-53(Al)-Cu(OH) (3.8 mg, 4.0 umol Cu) exhibited an exceptionally
high acetic acid productivity of 3,77,472 mmolcy,co,n molc,™ under 30 bar of methane
and 10 bar of Oy in 7 mL water at 175 °C for 32 h achieving 95% liquid selectivity and
92% overall carbon selectivity with a methane conversion of 9.3%. In the reaction, 3.2
mmol of methane is oxidized by O, to yield 1.51 mmol of acetic acid, 0.048 mmol of CO,
and 1.4 mmol of Hy. The total amount of carbon-containing products obtained was 3.16
mmol, based on the consumption of 3.2 mmol of methane, leading to a carbon balance of
98.75%. MIL-53(Al)-Cu(OH) is recyclable for at least six consecutive cycles with consistent
activity, giving a cumulative TON of 2204 (Figure 3.4b). The percentages of leached Cu
and Al after run-1 were 0.06 and 0.05, respectively, and after run-5 they were 0.05 and
0.08, respectively (Table 3.4). The robustness of the MOF was confirmed by PXRD, XPS,
and X-ray absorption studies (XAS) and ICP-analysis of the used catalyst for selective
methane oxidation to acetic acid. MIL-53(Al)-Cu(OH) with a maximum productivity of
4,20,000 mmolcp,co,n molc, ! exceeds the performance of all previously reported catalysts

composed solely of abundant metals for methane oxidation to CH3CO,H (Table 3.11).

3.2.3 Control experiments

Several controlled experiments were conducted to identify the actual catalytic species re-
sponsible for MIL-53(Al)-Cu(OH) catalyzed oxidation of methane to acetic acid. No acetic
acid was detected when the reaction was conducted without a catalyst or without O9 (entries
2 and 3, Table 3.2). In addition, the catalytic reaction under Ny instead of CH, did not
produce any carbon-containing products, confirming CH, as the exclusive carbon source for
acetic acid formation (entry 11, Table 3.3). The production of CH3CO.H at 175 °C via CHy

oxidation using O, was further confirmed using isotopically labeled 3CH,. The reaction




3.2 Results and Discussions 83

(a) (b) 12000 { (c)
R =0.009 T — CH, + 0,, 175 °C, 32 h (blank reaction)
55 10000 - CH, + O, + MIL-53(Al)-Cu(OH) (room temperature, 32 h)
— > 8
& £ g 8000 | CH, + MIL-53(Al)-Cu(OH) (175 °C, 32 h)
< = B
= S CH, + O, + MIL-53(Al)-Cu(OH) (175 °C, 32 h)
= ¥ 3 3 6000
4 MY A 2 8
-~ vy & © F4
= Y £
s |FT (exp)| g 4000 Simulated DMPO-CH
— |F.T (fit)| £ 3
vy window =~ 20004
v Real (fit)
v Real (exp) o . . .
o 1 2 3 . Run4 Run-2 Run-3 Run-4 Run-5 Run 3420 3440 3460 3480 3500
5 A
Magnetic Field (Gauss)
R(A) Number of Run

Figure 3.4: (a) EXAFS spectra and fits in R-space at the Cu K-edge of MIL-53(Al)-Cu after
catalysis with the magnitude and real component of the Fourier transformation
shown as solid and hollow triangles in green color, respectively. The fitting
range in R-space is 1.1-3.8 A (within the grey line). (b) Plot of productivity
of acetic acid in various runs during recycling and reuse of the MIL-53(Al)-
Cu(OH) catalyst for the methane oxidation reaction. (c) X-band (9.85 GHz)
EPR spectroscopic spin-trapping experiments. EPR spectrum from the DMPO
spin-trapping experiment of uncatalyzed methane oxidation by Oy at 175 °C
(black), MIL-53(Al)-Cu(OH)-catalyzed oxidation of methane by Oy at room
temperature (blue), MIL-53(Al)-Cu(OH) catalyzed methane oxidation in the
absence of Oq at 175 °C (green), MIL-53(Al)-Cu(OH) catalyzed oxidation of
CHy (30 bar) by Og (10 bar) at 175 °C for 32 h (magenta), and simulated
DMPO-CHj (red).
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Figure 3.5: Comparison of the catalytic efficiency of MIL-53(Al)-Cu(OH) with other materi-
als in direct methane oxidation to acetic acid under identical reaction conditions.
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catalyzed by MIL-53(Al)-Cu(OH) generated *CH3'*CO,H, as verified by carbon-13 nuclear
magnetic resonance (13C NMR) spectroscopy and gas chromatography-mass spectrometry
(GC-MS) (Figure 3.25). It is noteworthy that the methane oxidation reaction ceased upon
removal of the solid MIL-53(Al)-Cu(OH) MOF from the reaction mixture, confirming the
embedding of the active catalytic species within the MOF (Figure S6, ESIt). Importantly,
Cu(OH), and CuO proved to be inactive for methane oxidation under identical reaction
conditions (entries 8 and 14, Table 3.3 or Figure 3.5). Similarly, the pristine MIL-53(Al)
MOF, MIL-53(Al)-CuCl, MIL-53(Al) encapsulated Cu(0) nanoparticles [Cu@MIL-53(Al)],
or alumina-supported Cu(II) also failed to yield acetic acid under identical reaction con-
ditions and Cu-loading, underscoring that Cu(OH) confined within the MIL-53(Al) MOF
pores is the genuine catalytic species for methane oxidation (entries 2, 4, 15, and 7, Table 3.3
or Figure 3.5). Moreover, the PXRD patterns of the MOF recovered after catalysis showed

no characteristic peak of Cu nanoparticles at higher 26 angles (Figure 3.2a).

To investigate the impact of pore sizes of the MIL-53(Al) MOF on acetic acid selectivity,
we synthesized isoreticular DUT-5(Al1)-Cu(OH), which has a larger pore size (0.78 nm) than
MIL-53(Al)-Cu(OH) (0.6 nm). Under identical reaction conditions and equivalent Cu load-
ing, DUT-5(Al)-Cu(OH) exhibited lower acetic acid selectivity, producing only 0.08 mmol
of acetic acid, 0.04 mmol of methanol, and a higher amount of COy (0.9 mmol). These ex-
periments suggest that the increased selectivity for acetic acid associated with smaller pore
sizes of MIL-53(Al)-Cu(OH) is likely due to internal mass transfer limitation of the product.
The larger channels of DUT-5(AI) allow acetic acid molecules to diffuse more easily, which
can lead to their over-oxidation. In contrast, the smaller pore size of MIL-53(Al)-Cu(OH)
restricts the diffusion of larger acetic acid molecules (5.9 A), allowing only smaller molecules
like methane (3.8 A) to access the catalytic copper sites within the pores. This internal
mass transfer limitation effectively enhances the production of acetic acid with excellent se-
lectivity by preventing its over-oxidation within the pores of MIL-53(Al)-Cu(OH). Thus, un-
der identical conditions with equivalent copper loading, MIL-53(Al)-Cu(OH) demonstrates
greater reactivity and selectivity for acetic acid production compared to MIL-53(Al)-CuCl,
Cu(OH),, CuO, AlyO3-supported Cu(II), and DUT-5(Al)-Cu(OH). This emphasizes the crit-
ical role of the MOF’s node-supported single-site mono-Cu't(OH) species confined within

the uniform pores in chemoselective oxidation of methane.
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3.2.4 Mechanistic exploration of MIL-53(Al)-Cu(OH) catalyzed oxidation of

methane to acetic acid
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Figure 3.6: The proposed catalytic cycle for MIL-53(Al)-Cu(OH) catalyzed direct oxidation

of methane to acetic acid using Os.

To investigate the mechanism for MIL-53(Al)-Cu(OH)-catalyzed oxidation of methane to
acetic acid, the oxidation state and coordination environment of the MOF recovered after
catalysis were analyzed. The XPS of recovered MIL-53(Al)-Cu confirmed the +2 oxidation
state of Cu ion in the MOF after catalysis (Figure 3.2¢c). The K-edge energy of 8985.6 eV
for the recovered MOF also showed that Cu is in a +2 oxidation state, having an octahedral
geometry. (Figure 3.2¢).5® The prediction of the geometries can be further established by
the white line intensity. The K edge energy is attributed to the transition from 1s - 4pyy,
while the transition from 1s - 4p, is associated with white line intensity. The increase
in axial co-ordination led to the increased in white line intensity of the recovered MOF.
The EXAFS data of the MOF recovered after catalysis fitted well with the DFT-optimized
model of MIL-53(Al)-Cu(OH)(OHy)2, which suggests that Cu in the MOF recovered after
catalysis adopted a distorted octahedral geometry (Figure 3.19). Additionally, fitting the
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EXAFS spectra with the DFT model of MIL-53(Al)-Cu(OH) containing 5-80% CuO or 5-
80% metallic Cu showed significant deviations and elevated R factors, indicating the absence
of any Cu nanoparticles or CuO within the MOF post catalysis (Figure 3.21). These findings
demonstrate that Cu nanoparticles or CuO do not serve as the active catalytic species in the
oxidation of methane. Instead, they highlight the pivotal role of single-site Cu(OH) species

supported on the MOF nodes in driving the chemoselective oxidation of methane.

Radical trap experiments were conducted to explore the involvement of "OH or "CHjz rad-
ical in MIL-53(Al)-Cu(OH) catalyzed oxidation of methane using O,. The rate of acetic
acid production remained unchanged in the presence of "‘OH scavengers such as NaySO;
or tert-butanol (entry 5 and 20, Table 3.3), eliminating the role of "OH in conversion
of methane to acetic acid using Os. However, radical trapping experiments conducted
with a "CHj scavenger, such as TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl), showed a
reduction in acetic acid formation to 0.34 mmol (entry 22, Table 3.3) under the identi-
cal reaction conditions, which indicates the involvement of "‘CHjs radicals in the reaction
mechanism. The potential free radicals generated during the reaction were captured using
the spin-trapping agent 5,5-dimethyl-1-pyrroline N-oxide (DMPO). The EPR spectrum of
MIL-53(Al)-Cu(OH)-catalyzed methane oxidation in the presence of Oy and DMPO at am-
bient temperature did not show any "CHj radicals (Figure 3.4c). However, the supernatant
after catalysis by MIL-53(Al)-Cu(OH) at 175 °C with DMPO revealed a six-line signal char-
acteristic of the DMPO-CH; radical adduct, closely matching the simulated model (Figure
3.4c and Table 3.10). In both cases there were no "OH and HyO" radicals detected, aligning
with the observation that acetic acid formation cannot be suppressed by "OH scavengers such
as NaySOj or t-butanol. These experiments suggest that the "CHj is involved in the CH4 oxi-
dation to acetic acid. No radical adduct was observed in the absence of MIL-53(Al)-Cu(OH)
(Figure 3.4¢), indicating that CH, activation requires Cu-active sites. Importantly, no "CHj
signal was observed when the reaction was done in the absence of Oy at 175 °C, suggesting
methyl radical is only generated by the CHy-loaded MIL-53(Al)-Cu(OH) MOF in presence of
O, at 175 °C. Based on the above spectroscopic and experimental observations, we propose
that MIL-53(Al)-Cu(OH) initially reacts with CHy to form MIL-53(Al)-Cu''(CH3) (INT-1)
and H,O via o-bond metathesis between Cu-OH and C-H bonds (Figure 3.6). Since the di-
rect insertion of triplet Oy into Cu-CHjs bond of INT-1 is spin-forbidden, **%° we propose that
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INT-1 undergoes homolytic cleavage at 175 °C, forming a Cu(I) species (INT-2) and a "CHj
radical. INT-2 then reacts with O, to give a Cu-OO" species, which undergoes spin crossover

6162 T the next step, INT-3 participates in

to generate Cu(III)-n*-peroxy species (INT-3).
o-bond metathesis with CH,, resulting in the formation of INT-4. INT-4 rearranges to form
INT-5, which undergoes o-bond metathesis with CHy, producing INT-6. Subsequently, a
previously generated ‘CHj radical abstracts a hydrogen from the methoxy group of INT-6,
yielding INT-7 and CHy. INT-7 then rearranges to form INT-8, which undergoes -hydride
elimination, producing acetaldehyde and MIL-53(Al)-Cu-H (INT-9). Hydrolysis of INT-9

regenerates MIL-53(Al)-Cu(OH), and thus completing the catalytic cycle (Figure 3.6).

The acetaldehyde is subsequently oxidized by O, to give acetic acid. In order to confirm
the role of MIL-53(Al)-Cu(OH) in the transformation of acetaldehyde to acetic acid, we
conducted an experiment where we oxidized acetaldehyde under 10 bar of Oy and 30 bar of
Ny at 175 °C in the presence or absence of the MOF catalyst. The results of these reactions
revealed that the rate of oxidation of acetaldehyde to acetic acid remained unchanged in both
cases, ruling out the involvement of MIL-53(Al)-Cu(OH) in the oxidation of acetaldehyde
(entry 18-19, Table 3.3). In addition, small quantity of acetaldehyde was detected in the
GC-FID spectrum, when the reaction was conducted for a shorter duration (18 h), which
suggests that acetaldehyde might be a potential reaction intermediate in the methane to
acetic acid conversion. Furthermore, the formation of the stoichiometric amount of Hy with
respect to acetic acid further supports the balanced chemical equation depicted in Figure
3.6. According to this equation, MIL-53(Al)-Cu(OH) catalyzed reaction between methane
and O, first produces acetaldehyde, water and Hy. Then, the in situ generated acetaldehyde

is oxidized by O, to furnish acetic acid.

We then attempted to synthesize potential intermediates to further support our pro-
posed catalytic cycle. We synthesised MIL-53(Al)-Cu(OCyHs) (INT-8), by treating MIL-
53(Al)-CuH with ethanol and tested its catalytic activity. Notably, MIL-53(Al)-Cu(OH)
and MIL-53(Al)-Cu(OCyHj) shows similar catalytic activities in the oxidation of methane
to acetic acid under identical reaction conditions, indicating MIL-53(Al)-Cu(OCyHs) as a
potential intermediate, and supporting our proposed catalytic cycle (Entry 21, Table 3.3).
Furthermore, reaction of ethanol and Oy also gives 0.35 mmol CH3CO>H under identical

reaction conditions in the presence of MIL-53(Al)-Cu(OH) (entry 12, Table 3.3), suggesting
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that the small amount of ethanol generated during the reaction is oxidized to acetic acid.

Several controlled experiments were carried out to assess the involvement of in situ
generated CO, CO,, methanol as potential intermediates in the formation of CH3COyH. The
reaction between CH, and CO or CH4 and COs did not result in the formation of CH;CO.H
(entry 9 and 13, Table 3.3), ruling out acetic acid production via methane carbonylation or
the reaction of methane with CO,. Additionally, the reaction between methanol and CO
also failed to produce any significant amount of CH3COxH (entry 17, Table 3.3), excluding

the possibility of acetic acid formation through methanol carbonylation.
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Figure 3.7: DFT calculated free energy diagram at 448 K for MIL-53(Al)-Cu(OH) catalyzed

methane to acetaldehyde conversion.

Based on the above observations, we proposed CHy is oxidised to CH3CO.H in presence
of O, via ‘CHj radical pathway with ethanol and acetaldehyde as the key intermediates.
To further explore the reaction mechanism and identify the turnover-limiting step (TLS),
the complete catalytic cycle was examined through DFT calculations (Figure 3.7). The
DFT-calculated energy profile diagram indicates that methane C-H bond activation through
o-bond metathesis has an energy barrier of 35 kcal /mol, while the formation of INT-1 from
MIL-53(Al)-Cu(OH) is endergonic by 13.3 kcal/mol. The subsequent homolytic cleavage
of INT-1 to form INT-2 (Cu™ species) and a methyl radical is endergonic by 8.1 kcal /mol.
INT-2 reacts with Oy to form a Cu-OO" species which is exergonic by 35.6 kcal/mol, and
this process is followed by a spin crossover to form INT-3 (Cu(III)-n*-peroxy species), with a
barrier of 6.8 kcal /mol. INT-3 undergoes o-bond metathesis with CH, through TS-2, leading
to the formation of INT-4 with an energy barrier of 27.1 kcal /mol. INT-4 rearranges to form
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INT-5, which is exergonic by 4.2 kcal/mol, and INT-5 undergoes another -bond metathesis
via TS-3 to generate INT-6 with a barrier of 26.4 kcal/mol. The "CHjs abstracts a hydro-
gen atom from the methoxy group of INT-6, generating INT-7, which is exergonic by 63.7
kcal/mol. INT-7 then rearranges to form INT-8, which is exergonic by 9 kcal/mol. Finally,
INT-8 undergoes beta hydride elimination via TS-4, which is exergonic by 17.9 kcal/mol
to yield acetaldehyde and MIL-53(Al)-CuH species (INT-9). The MIL-53(Al)-CuH is then
hydrolysed to regenerate the catalyst MIL-53(Al)-Cu(OH), an exergonic process by 3 kecal /-
mol. The energy profile diagram reveals that methane C-H bond activation through o-bond
metathesis presents the highest energy barrier in the catalytic cycle, identifying it as the
turnover-limiting step. As mentioned earlier that no methyl radical was detected in the EPR
spectrum of DMPO-loaded reaction mixture of methane (30 bar) and MIL-53(Al)-Cu(OH)
catalyst in the absence of O, despite the fact that ‘CHj is likely forming prior to the ad-
dition of Oy as shown in the catalytic cycle. The DFT calculated energy profile diagram
showed that the conversion of INT-1 to INT-2 is thermodynamically uphill by 8.1 kcal /mol.
Therefore, the concentration of ‘CHjz remains very low in the absence of Oy. However, dur-
ing the methane oxidation in presence of O,, INT-2 rapidly reacts with Oy to give INT-3,
which is highly exergonic nature of this step (downhill by 39.2 kcal /mol). This mechanistic
insight, supported by DFT and experimental evidence, underscores the critical role of O, in

driving the reaction forward and aligns with the observed catalytic behavior of the system.

3.3 Experimental Section

3.3.1 Synthesis of MIL-53(Al) and MIL-53(Al)-Cu(OH)

Synthesis of MIL-53(Al).5!

MIL-53(Al) was synthesized via a solvothermal reaction of 1,4-benzenedicarboxylic acid and
AlCl3.6H20 in DMF. 1,4-Benzenedicarboxylic acid (0.050 g, 0.301 mmol) and AlCl3.6H,0O
(0.048 g, 0.198 mmol) were dissolved in 3 mL DMF in a glass vial and the resultant mixture
was stirred for 2 h. The solution was transferred to a hydrothermal bomb with a Teflon
liner and kept it in a preheated oven at 120 °C for 48 h. After cooling to room temperature,
the white solid was collected via centrifugation, which was washed several times with DMF.

Finally, the resultant white crystalline solid of MIL-53(Al) was washed and stored in THF.
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Synthesis of MIL-53(Al)-CuCl.

n-Buli (50 uL, 1.65 M in cyclohexane) was added to the slurry of MIL-53(Al) (0.015 g, 0.072
mmol) in 1 ml THF in a vial, and the mixture was stirred for 1.5 h at room temperature inside
the glovebox. The solid was washed with THF several times to remove the excess n-Buli. A
THF solution of CuCl, (0.042 g, 0.312 mmol) was added to the brown solid of MIL-53(Al)-Li,
and the mixture was stirred overnight at room temperature. The MIL-53(Al)-CuCl was

obtained as crystalline green solid and washed with THF several times.

Synthesis of MIL-53(Al)-Cu(OH).
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Figure 3.8: PXRD patterns of (a) simulated MIL-53(Al) MOF (black), pristine MIL-53(Al)
(red), MIL-53(Al)-CuOH (blue), recovered MIL-53(Al)-Cu after methane oxi-

dation for 32 h at 175 °C (run 1) (green), and 200 °C (magenta). (b) freshly

prepared MIL-53(Al)-Cu(OH) (black), recovered MIL-53(Al)-Cu after 32 h of

catalysis (red), 40 h of catalysis (blue), 50 h of catalysis (green); reaction con-

ditions: 30 bar CHy, 10 bar Og, 175 °C and 7 mL water. The PXRD patterns

indicate that the crystallinity and the framework of MIL-53(Al) MOF remained

intact even after 50 h reaction.

recovered MIL-53(Al)-Cu(OH)
after 50 h catalytic reaction

recovered MIL-53(Al)-Cu after catalysis

recovered MIL-53(Al)-Cu(OH)
MIL-53(Al)-CuOH A A after 40 h catalytic reaction
- -Cu

recovered MIL-53(Al)-Cu(OH)
after 32 h catalytic reaction

Inside the glovebox, NaEt3BH (40 pL, 1 M in THF) was added dropwise to the vial contain-
ing slurry of MIL-53(Al)-CuCl (0.016 g) in 3 mL THF and was kept at room temperature
for 1 h. The resultant dark purple solid of MIL-53(Al)-CuH was separated via centrifugation
and washed several times with THF to remove excess NaEtsBH. MIL-53(Al)-CuH was taken
out of the glovebox and was kept in water for 30 minutes to afford MIL-53(Al)-Cu(OH).
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Figure 3.9: (a) TGA curve of freshly prepared MIL-53(Al) (black) and MIL-53(Al)-Cu(OH)
(red). A solvent weight loss of 43.9% in MIL-53(Al) (black) and 28.7% in MIL-
53(Al)-Cu(OH) (red) was observed from 40 °C to 200 °C. (b) TGA curve of
freshly prepared MIL-53(Al) (black) and MIL-53(Al)-Cu(OH) (red) from 200-

700 °C. The increased weight of MIL-53(Al)-Cu(OH) is due to the presence of
Cu within the MOF.

Table 3.1: Determination of defect sites in MIL-53(Al) and MIL-53(Al)-Cu(OH); MOF by
TGA analysis.

Sample Condition % Solvent % Linker % Residue
Calculated - 75.5 245
MIL-53(Al) TGA 44 42 14
Corrected = 75 25
Calculated - 69.2 30.8
MIL-53(Al)-Cu(OH),  TGA 29 A7 24
(24% Cu-loading) Corrected 66 34

The MIL-53(Al)-Cu(OH) has 24% copper loading with respect to us-OH as analyzed by
ICP-OES. This corresponds to the formula AlO524CsH5Cug24. TGA analysis showed that
MIL-53(Al)-CuOH had 29% solvent weight (Figure 3.9).
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Theoretical Calculation

(a) For MIL-53(Al) with formula AIOH)(BDC):

1 mole of Al(OH)(BDC) = 0.5 moles Al,O3

208.1 g of AIOH(BDC) = 50.98 g Al,O4

50.98

% Residue = 100 — 24.5 = 75.5%

(b) For MIL-53(Al)-Cu(OH) with formula [AIOH 7y BDC[OCu(OH)],,,]:
1 mole of Al(OH), ,,BDC|OCu(OH)],,, = 0.5 moles Al,O3 and 0.24 moles CuO

227.19 g of AIOH,.71(BDC)(|OCu(OH)|)g.24 = 50.98 g Al,O3 and 19.09 g CuO

90.98 +19.09
227.19

% Linker = 100 — 30.8 = 69.2%

% Residue = ( ) x 100 = 30.8%

The wt% ligand calculated theoretically matches closely with that of wt% ligand observed
experimentally for MIL-53(Al) and MIL-53(Al)-Cu(OH) MOFs. This indicates the absence
of any missing-linker defects within MIL-53(Al) and MIL-53(Al)-Cu(OH) MOFs.
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Figure 3.10: IR spectra of freshly prepared MIL-53(Al) (blue), MIL-53(Al)-CuCl (red), and
MIL-53(Al)-CuOH (black). In the IR spectra, ps-OH stretching frequency peak
of MIL-53(Al) at 3706 cm™ disappeared upon metalation, however, a small peak
of 1e-OH reappeared for MIL-53(Al)-Cu(OH) due to protonation of unreacted
13-OLi with water. The peak intensity of ps-OH stretching frequency of MIL-
53(Al)-CuOH at 3706 cm™! was smaller compared to that of pristine MIL-53(Al)
MOF due to the partial metalation of the py-OH of the SBUs.
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Figure 3.11: (a) Ny sorption isotherms of MIL-53(Al) (black) and MIL-53(Al)-Cu(OH) (red)
measured at 77 K. (b) NLDFT pore size distribution curve of MIL-53(Al)
(black) and MIL-53(Al)-CuOH (red). BET surface for MIL-53(Al) and MIL-
53(Al)-Cu(OH) are 1386 m?/g and 1263 m?/g and the average pore size for
MIL-53(Al) and MIL-53(Al)-CuOH was determined to be 0.62 nm and 0.6 nm,
respectively.
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Figure 3.12: SEM image and EDX mapping for MIL-53(Al)-Cu(OH).The uniform distribu-
tion of Al and Cu suggests Al and Cu are homogeneously distributed through-
out the MOF.

3.3.2 MIL-53(Al) catalysed oxidation of methane.

Standard procedure for MIL-53(Al) catalysed oxidation of methane to acetic

acid using Os.

MIL-53(A)-Cu(OH) __

CH, + O
4 2 H,0, 175 °C

3CO,H

A 1 mL slurry of MIL-53(Al)-Cu(OH) (3.8 mg, 4.0 ymol Cu) in water was transferred to
a glass liner containing 6 mL of water. Then the glass liner was fitted into a high-pressure
reactor. The high-pressure reactor was sealed and then purged with methane two times. The
reactor was pressurized with 30 bar methane followed by 10 bar oxygen and then heated at
175 °C for 32 h without any mechanical stirring. After the reaction, the reactor was cooled to
room temperature, and the gas was analysed directly by GC-TCD. A 1 mL of the aqueous
solution was transferred to a centrifuge tube, which was centrifuged for 1 min. Then, 1
mL of the clear solution was quickly transferred to a GC vial and 5 pL of ethylene glycol
(internal standard) was added. The sample was then analysed by GC-FID/MS to identify the
products and their yields in the liquid phase. 1 pLL sample was injected in GC and standard
calibration curves were used for the quantification of acetic acid. MIL-53(Al)-Cu(OH) (3.8
mg, 4.0 pmol Cu) under 30 bar of CHy and 10 bar of Og for 32 h, at 175 °C yielded 1.51
mmol of acetic acid (Entry 1, Table 3.2). The GC-MS analysis detected minor quantities
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of methanol (0.08 mmol) and ethanol (0.004 mmol), with no traces of formic acid or other

oxygenated products.

Detection and quantification of liquid oxygenates.

GC-MS conditions: The column used was the Agilent DB-WAX column with 30 m length,
0.320 mm internal diameter, and 0.25 pm film. The chromatographic conditions were:
flow rate of helium at 1 mL min™, injection volume: 1 pL, column oven temperature was
initially 45.0 °C and then increased up to 230 °C with the rate of 5 °C per minute, and

detector temperature was 250 °C.

GC-FID conditions: The column used was the Agilent DB-WAX column with 30 m length,
0.320 mm internal diameter, and 0.25 ym film. The chromatographic conditions were: flow
rate of nitrogen at 1 mL min™, injection volume of 1 pL, column oven temperature at 40.0
°C for 4 minutes followed by 5 °C/min ramp to 70 °C and then followed by 35 °C/min ramp
to 200 °C and finally a hold time of 5 minutes, and 19 min for total run time. The detector
temperature was 250 °C. Products were quantified using a calibration plot of ethylene glycol

as the internal standard.

Detection and quantification of methane and gaseous oxygenates.

GC-TCD conditions: The gas after catalysis was analysed by an Agilent GC (8890) equipped
with a PoraPlot Q column in sequence with a molecular sieves column and a Thermal
conductivity detector (TCD). The chromatographic conditions are as follows; Carrier gas:
helium, Column: 45 °C, TCD: 250 °C, and Injection temperature: 100 °C. Retention time
for CO,, CH4 and CO were 4 minutes, 9.3 minutes and 10.75 minutes, respectively. The
methane conversion was calculated by determining the mmol of methane before and after
the catalysis using a GC-TCD response factor-based calculation. For this calculation, a
high-pressure reactor containing a glass liner was filled with 7 mL mixture of water and
MIL-53(Al)-Cu(OH) catalyst, and then purged it with methane two times. Then pressurized
it with 30 bar methane followed by 10 bar oxygen. The gas was analysed with GC-TCD

at room temperature (35 °C) before catalysis to quantify the amount of methane in the
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feed. The gas of the same high-pressure reactor was analysed after the reaction at room
temperature (35 °C) to quantify the amount of unreacted methane after the catalysis and
the other gaseous products. At the optimized reaction condition (entry 1, Table 3.2), the
amount of methane was calculated as 34 mmol before catalysis and 30.8 mmol after catalysis.
Therefore, the loss of methane during the reaction is 3.16 mmol and a methane conversion

of 9.3%.

Procedure for taking gas sample.

First, the gas from the Parr reactor was filled in an evacuated Tedlar bag via making an
air-tight fitting connection of Parr reactor outlet with the bag using a hose pipe. Then 2.5
mL from the bag was taken in an air-tight syringe and injected into GC for analysis. Then,
the mmol of methane, CO and CO, was calculated. Separately, 2.5 mL of a known sample
of a standard gas containing a specific composition of CO, CO, and CH, was also injected,
which was used to calculate the individual gas (x) response factor (R¢) following the given
formula. The detailed calculation to quantify the initial methane amount in the feed is as

follows:

Step 1:

Fraction of methane (g)

R th =
s(methane) Area of peak of methane in chromatogram (GC-TCD)

Fraction of methane = (Volume injected (mL)) x (Composition of methane in standard)

25x107g

R¢(methane) = 52,000

Rj(methane) = 4.03 x 107 g

Step 2: The volume of CH, in the unknown sample taken from the high-pressure reactor
was measured. The injected volume of the unknown sample was also the same as that of

the standard (2.5 mL).
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Amount of CHy in unknown sample = R;(CH,4) x Area of the peak of CH, in chromatogram
= (4.03 x 1077 g) x 178,000

=718 x107"g

Step 3:

Molar mass of CH; = 16.04 g/mol

7.18 x 1074
Moles of CH4 = W mol

= 44.75 pmol

So, the initial moles of CHy in 2.5 mL of the unknown gas sample were measured. This

measurement is at atmospheric pressure and 308 K.

Subsequently, the initial amount of methane in the reactor before catalysis was calculated

to be 34 mmol.

Using the similar method described above, the methane and other gaseous products were

quantified after the catalysis.




3.3 Experimental Section 98

Table 3.2: Optimization of catalytic conditions for MIL-53(Al)-Cu(OH) catalyzed oxidation

of methane using O.[?!

Entry Temp. P[CHy] (bar), P[O;] CH3CO;H CH30H C;H;0H CO,ll

No. (°C)  Initial mmol CHy4 (bar) (mmol)Pl  (mmol)Pl  (mmol)P!  (mmol)
1 175 30, 34 10 1.51 0.08 0.004 0.048
2ldl 175 30, 34 10 0 0 0 0.04
3 175 30, 34 0 0 0 0 nd
4 100 30, 34 10 0.06 0.03 0 0.01
5 125 30, 34 10 0.42 0.09 0 0.019
6 150 30, 34 10 1.15 0.12 0.002 0.032
7 200 30, 34 10 0.72 0.06 0.001 0.84
8 175 30, 34 2 0.04 0.004 0 0.004
9 175 30, 34 4 0.21 0.007 0 0.008
10 175 30, 34 6 0.52 0.012 0 0.01
11 175 30, 34 8 0.87 0.038 0.001 0.02
12 175 10, 11 10 0.17 0.0089 0 0.01
13 175 20, 23 10 0.64 0.039 0 0.019
14 175 25, 29 10 0.97 0.056 0.003 0.024
151l 175 30, 34 10 0 0 0 0.001
1611 175 30, 34 10 0.18 0.01 0 0.002
171l 175 30, 34 10 0.38 0.018 0 0.016
18] 175 30, 34 10 0.72 0.29 0 0.04
191l 175 30, 34 10 1.68 0.12 0.005 0.17
20l 175 30, 34 10 1.61 0.18 0.01 0.244
22lK] 175 30, 34 10 0 0 0 0.45
23l 175 30, 34 10 0 0 0 nd
24[m] 175 30, 34 10 0 0 0 nd

2] Standard conditions: 3.8 mg of MIL-53(Al)-Cu(OH) (4.0 gmol Cu), 7 mL Hy0, 32 h; Ny
balance was applied to optimize partial pressures of Oy and CHy (entries 8-14), maintaining total

reaction pressure at 40 bar; nd: not determined.
[Pl Analysed by GC-FID using ethylene glycol as the internal standard.
<l Analysed by GC-TCD.

| No catalyst was used.
le] Reaction time was 1 h.
fl Reaction time was 6 h.
el Reaction time was 12 h.
[ Reaction time was 24 h.
il Reaction time was 40 h.
il Reaction time was 50 h.

Toluene was used as the solvent.

Il THF was used as the solvent.
[m] Heptane was used as the solvent.




3.3 Experimental Section

99

Table 3.3: Control experiments for MIL-53(Al)-Cu(OH) catalyzed oxidation of methane to

acetic acid.

Entry Temp. P[CH,4] (bar), P[O;] CH3CO,H CH30H C.H;0H CO,l
No. (°C)  Initial mmol CH, (bar) (mmol)®  (mmol)®  (mmol)Pl  (mmol)
1 175 30 10 1.51 0.08 0.004 0.048
2d 175 30 10 0 0 0 0.08
3 175 30 0 0 0 0 0.02
4° 175 30 10 0 0 0 0.24
5 175 30 10 1.51 0.078 0.003 0.061
68 175 30 10 1.56 0.09 0.002 0.10
7 175 30 10 0.03 0.01 0 0.04
8t 175 30 10 0.01 0.03 0 0.09
9 175 30 0 0 0 0 nd
10k 175 30 10 1.61 0.07 - 0.052
11! 175 0 10 0 0 0 nd
12m 175 0 10 0.35 - - nd
13" 175 30 0 0.08 0 0 nd
14° 175 30 10 0.01 - 0 0.07
15P 175 30 10 0 0 0.22
164 175 0 10 0.01 - 0.002 nd
17 175 0 0 0.05 - - nd
18° 175 0 10 0.42 - - nd
19¢ 175 0 10 0.41 - - nd
20" 175 30 10 1.49 0.074 0.003 0.049
21V 175 30 10 1.61 0.02 NA nd
22V 175 30 10 0.34 - - nd
23* 175 30 10 0.08 0.04 - 0.9
24 175 30 15 0.46 0.02 - 0.72
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a Standard conditions: 3.8 mg of MIL-53(Al)-Cu(OH) (4.0 gmol Cu), 7 mL H5O, 32 h; Ny balance
applied to keep constant pressure of 40 bar; nd: not determined; NA: not applicable.

b Analysed by GC-FID using ethylene glycol as the internal standard.
¢ Analysed by GC-TCD.
d MIL-53(Al) was used.
e MIL-53(Al)-CuCl was used.
f NasSO3 was used as an "OH scavenger.
g 7.6 mg of MIL-53(Al)-Cu(OH) was used (8.0 pmol Cu).
h 6.0 mg Al;O3 supported Cu(II) (4.0 pmol Cu).
i 1 mg Cu(OH)2 (10.24 pmol Cu).
j 10 bar CO was used as the oxidant.
k 0.5 mmol ethanol was added to the reaction mixture.
1 Nitrogen was used instead of methane.
m Oxidation of 1.5 mmol ethanol using 10 bar Os.
n 10 bar CO, used as oxidant.
o CuO (1 mg, 12.6 pmol Cu).
p Cu@MIL-53(Al) (4.0 pmol Cu).
q Oxidation of 0.5 mmol methanol.
r Oxidation of 1.5 mmol methanol using 1 bar CO.
s Oxidation of 0.5 mmol acetaldehyde (5 h); reaction time: 5 h.
t Same as above, no catalyst.
u t-Butanol used as "OH scavenger.
v MIL-53(Al)-Cu(OC3Hs) (4.0 pmol Cu) was used as the catalyst. .
w TEMPO used as a radical scavenger.

x DUT-5(A1)-Cu(OH) (4.0 nmol Cu) was used as the catalyst.
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Under optimized reaction conditions (30 bar CHy, 10 bar O,, 175 °C, 32 h), 1.51 mmol
of acetic acid, 0.08 mmol of methanol, 0.004 mmol of ethanol, and 0.048 mmol of CO4 were
formed. The total carbon balance was confirmed, as 3.2 mmol of methane was consumed,
yielding 3.16 mmol of carbon-containing products (carbon balance of 98.75%). Additionally,
1.4 mmol of Hy, was generated as a side product, further supporting our proposed mecha-
nism. Initially, methane reacts with Oy to produce acetaldehyde, water, and hydrogen. The

acetaldehyde is then converted into acetic acid in the presence of Os.

4CH, + 20, _MIL-53(A)-Cu(OH)
175 °C

2CH;CHO + O, _uncatalyzed 2CH,CO,H
175 °C

ZCH3CHO + 2H20 + 2H2

4CH, + 30, ———————— 2CH;CO,H + 2H,0 + 2H,

Proposed experiments for MIL-53(Al)-Cu(OH) catalyzed oxidation of methane.

Blank reaction with Oy under N, without methane.

N, + 0, _MIL-53(A-Cu(OH)

» No CHCO,H
(30 bar) (10 bar) H,0 s
175 °C

Reaction conditions: 3.8 mg of MIL-53(Al)-Cu(OH) (4.0 pmol Cu), 7 mL H5O, 30 bar
Ng, 10 bar O, 32 h. General procedure mentioned in Section 3.3.2. was followed replacing
methane with nitrogen. No liquid products were detected (Entry 11, Table 3.3, suggest-
ing CHy as the sole carbon source for CH3COoH production in the MIL-53(Al)-Cu(OH)

catalyzed methane oxidation.

Blank reaction without O, under N.

CH, + N, MIL-53(A)-Cu(OH)

(30 bar) (10 bar) H,0
175 °C

Reaction conditions: 3.8 mg of MIL-53(Al)-Cu(OH) (4.0 pmol Cu), 7 mL H,O, 30 bar

» No CH3C02H

CHy, 10 bar Ng, 32 h. General procedure mentioned in Section 3.3.2 was followed replacing
oxygen with nitrogen. No liquid products were detected (Entry 3, Table 3.2, suggesting O,
as the only oxidant for CH3CO2H production in the MIL-53(Al)-Cu(OH) catalyzed methane

oxidation.
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Reaction of methane in presence of CO using MIL-53(Al)-Cu(OH).

CH, + cO _MIL-53(Al)-Cu(OH)

(30 bar) (10 bar) H,0
175 °C

» No CH3COzH

Reaction conditions: 3.8 mg of MIL-53(Al)-Cu(OH) (4.0 pgmol Cu), 7 mL H,O, 30 bar
CHy, 10 bar CO, 32 h. General procedure mentioned in Section 3.3.2 was followed replacing
oxygen with carbon monoxide. In this reaction, no acetic acid (Entry 9, Table 3.3) was

formed which rules out the formation of acetic acid via reaction of methane carbonylation

with CO at 175 °C.
Reaction of methane in presence of COz using MIL-53(Al)-Cu(OH).

CH, + CO, MIL-53(A)-Cu(OH)

(30 bar) (10 bar) H,O
175 °C

Reaction conditions: 3.8 mg of MIL-53(Al)-Cu(OH) (4.0 pgmol Cu), 7 mL H,O, 30 bar

» No CH3C02H

CHy, 10 bar COg, 32 h. General procedure mentioned in Section 3.3.2 was followed replacing
oxygen with carbon dioxide. In this reaction, negligible acetic acid (Entry 13, Table 3.3)
was formed, which rules out the formation of acetic acid via methane carboxylation with

CO, at 175 °C.
Reaction of methanol in presence of CO wusing MIL-53(Al)-Cu(OH).

CH3OH + CO M|L-53(A|)—CU(OH)

(1.5 mmol) (1 bar) H,O
175 °C

> No CH;CO,H

Reaction conditions: 3.8 mg of MIL-53(Al)-Cu(OH) (4.0 gmol Cu), 7 mL H,O, 1.5
mmol methanol, 1 bar CO, 32 h. General procedure mentioned in Section 3.3.2 was followed
replacing oxygen with carbon monoxide and methane with methanol. In this reaction, no
significant amount of acetic acid (Entry 18, Table 3.3) was formed. We thus conclude that
MIL-53(Al)-Cu(OH) catalyzed methane oxidation does not occur via the reaction of insitu

generated methanol and CO.

Reaction of acetaldehyde in presence of Oy in the absence of MIL-53(Al)-
Cu(OH).
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CHyCHO + 0, —1°C » cH.COH

(0.5 mmol) (10 bar)

Reaction conditions: 7 mL HyO, 0.5 mmol acetaldehyde, 10 bar O, 32 h. General
procedure mentioned in Section 3.3.2 was followed replacing methane with acetaldehyde
and the reaction was done in the absence of the catalyst. In this reaction, 0.41 mmol of
acetic acid (Entry 19, Table 3.3) was formed. We thus conclude that acetaldehyde formed

gets oxidized to acetic acid without the aid of MOF catalyst.

Test for “heterogeneity of MIL-53(Al)-Cu(OH) in methane oxidation to acetic

acid.

CH4 (30 bar) CH3C02H

MIL-53(Al)-Cu(OH) 10 bar O H.0. 175 °G
) ) . . ar O,, H,0, ° 1.51 mmol
CH, MIL-53(Al)-Cu(OH) CH3CO,H centrifugation
(30 bar) 10 bar Oy, H,0, 175 °C 1 .51 mmol
CH, (30 bar) No further

Supernatant .
10 bar O,, H,0, 175 °C  CH3COH formation

Figure 3.13: Heterogeneity test of MIL-53(Al)-Cu(OH) in the oxidation of methane.

General procedure mentioned in Section 3.3.2 was followed. After 32 h of reaction, the solid
was centrifuged out of suspension. Two reactions were set up separately in two different
high-pressure reactors with solid and supernatant. The extracted solid and supernatant
were added into two separate glass liners. Then added 7 mL of water to the glass liner
containing solid MOF. Then both the glass liners were fitted into two separate reactors. The
reactors were sealed and purged them with methane. The reactors were pressurized with 30
bar methane and 10 bar oxygen and then heated at 175 °C for 32 h without any mechanical
stirring. The reactor was cooled to room temperature, and gas was analysed directly with
GC-TCD. The liquid phase of reactions was analysed with GC. No further acetic acid was
produced in the reaction involving just the supernatant. While the other reaction containing
the solid MOF yielded 1.51 mmol of acetic acid. This experiment excludes the potential of
any leached Cu-species responsible for catalysis and confirms that solid MIL-53(Al)-Cu(OH)

was the actual catalyst for the oxidation of methane.
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Recycling of MIL-53(Al)-Cu(OH) for oxidation of methane.

CH, (30 bar), O, (10 bar)
H,0, 175 °C = CH3COzH

- " trifugation Recycled
CH, MIL-53(A-Cu(OH) o opy.co.y Sentifugation
(30 bar) Oz (10bar), H,0,175°C ~ ° ° MIL-53(Al)-Cu(OH)

The recycle and reuse experiment was conducted to check the stability of the MOF-catalyst.
General procedure mentioned in Section 3.3.2 was followed, except the recovered MOF-
catalyst was washed several times with water. It was added to the glass liner along with
7 mL HyO. The glass liner was fitted into a high-pressure reactor which was then sealed
and purged with CH,4 twice. The reactor was pressurized with 30 bar CH, followed by 10
bar O, and then heated at 175 °C. The procedure was repeated 6 times with very minimal
% leaching of copper and aluminium (Table 3.4). The MOF retains its crystallinity and
stability as can be seen by the PXRD patterns of the recycling experiments (Figure 3.8).
The MOF could be recycled and reused at least 5 times without drop of activity giving a
cumulative TON of 2204.

Table 3.4: mmol of acetic acid formed and the leaching of Cu in various runs of the recycling
of MIL-53(Al)-Cu(OH) for the oxidation of methane.

No. of Run Time (h) Productivity (mmolcy,co,u molc,™ h'') % Leaching (Al, Cu)

Run-1 32 11,767 0.05, 0.06
Run-2 32 11,533 0.03, 0.04
Run-3 32 11,689 0.03, 0.026
Run-4 32 11,377 -
Run-5 32 11,611 0.08, 0.05
Run-6 32 11,221 -

Comparison of catalytical activity between MIL-53(Al)-Cu(OH) and other ma-

terials for oxidation of methane with oxygen.

Cu(I1I)/Aly O3 catalyzed oxidation of methane. Al,O3 was activated at 150 °C under
vacuum for 24 h. Then inside the glove box, n-Buli (130 uL, 1.65 M in cyclohexane) was
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added to activated alumina (30.0 mg) in 1 mL THF in a 5 mL glass vial and kept for
stirring at room temperature for overnight. The solid was washed with the THF several
times. The lithiated Al,O3 was treated with CuCly (108 mg, 0.808 mmol) and stirred
overnight. The excess of CuCl, was washed away with the multiple washing using THF.
The metalated Al,O3 was dried, and the content of copper in Cu(Il)/Al,O3 was determined
to be 3.8 wt % via ICP-OES. NaEt3;BH (36 pL, 1 M in toluene) was added dropwise into
the vial containing AlyO3-CuCl (30.0 mg, 0.018 mmol Cu) as a slurry in 3 mL THF and the
mixture was stirred gently at room temperature for 1 h. The light grey solid was washed
with THF several times and then it was taken outside from the glovebox and added water
to afford alumina-supported Cu(Il) [AlyO3-Cu(Il)], which was directly used for catalysis.
General procedure mentioned in Section 3.3.2 was followed, using Cu(II)/Al,O3 (6.7 mg, 4.0
pumol Cu) instead of MIL-53(Al)-Cu(OH). Reaction conditions: Cu(II)/Al,O3 (6.7 mg, 4.0
pumol Cu), 7 mL water, 30 bar CHy, 10 bar O, 175 °C, 32 h. Results are summarized in
entry 7, Table 3.3, the major product was CO and CO, with CH3COsH productivity of 233.8
MmOl ,yoduct mole, H-ht in case of Cu(IT) /Al,O3 while 11,767.45 mmolpyoduct-moley ' -h! using
MIL-53(Al)-Cu(OH) (entry 1, Table 3.2). Al,O3-Cu(OH) is less active than MIL-53(Al)-
Cu(OH).

CuO catalyzed methane oxidation. CuO nanoparticles were prepared according to
the reported procedure.% CuCly.2H,0 (1.70 g, 0.01 mole) was dissolved in 100 mL deionised
water. 0.1 M NaOH solution was slowly added under vigorous stirring until the colour of
the solution changed from blue to deep black and pH reached 14. Black precipitate of CuO
nanoparticles was thus obtained and washed with water and ethanol. General procedure
mentioned in Section 3.3.2 was followed, using CuO (1 mg, 12.6 umol Cu) instead of MIL-
53(Al)-Cu(OH). Reaction conditions: CuO (1 mg, 12.6 gmol Cu), 7 mL water, 30 bar CH,,
10 bar O, 175 °C, 32 h. Results are summarized in entry 7, Table 3.3. No acetic acid was
observed (Entry 14, Table 3.3).

Cu@MIL-53(Al) catalyzed methane ozxidation. In a 5 mL round bottom flask,
CuCly-2H,0 (50 mg, 0.18 mmol) was dissolved in ethyl acetate (2 mL), followed by the
addition of the MIL-53(Al) (100 mg). The mixture was heated for 48 h at a temperature of

50 °C. After which the solid was collected after centrifugation and washed thoroughly and
dried to give MIL-53(Al)-CuCl,. NaBH, (10 mg) was added to 6 mL of deionized water
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in a round-bottom flask, after which 80 mg of MIL-53(Al)-CuCl, was added. The pH was
proposedled in the range of 6-8 throughout the addition of NaBH,. The obtained mixture
was stirred for 30 min, then was subject to filtration. The collected solid was washed
thoroughly with deionized water to give black powder of Cu@MIL-53(Al).% The content
of Cu in Cu@MIL-53(Al) is 4.2 wt%. General procedure mentioned in Section 3.3.2 was
followed, using 6.1 mg Cu@MIL-53(Al) (4.0 pmol of Cu) instead of MIL-53(Al)-Cu(OH).
Reaction conditions: 6.1 mg Cu@MIL-53(Al) (4.0 pmol of Cu), 7 mL water, 30 bar CHy, 10
bar O, 175 °C, 32 h. CO and CO, were observed as significant products (Entry 15, Table

3.3) with no acetic acid observed in the liquid phase.

MIL-53(Al)-Cu(OC3Hj5) catalyzed methane oxidation. MIL-53(Al)-CuH was
synthesised as per the method mentioned in Section 3.3.1, and was taken out of the glovebox
and was kept in ethanol for 30 minutes to afford MIL-53(Al)-Cu(OCyH;). General procedure
mentioned in Section 3.3.2 was followed, using MIL-53(Al)-Cu(OCyHs) (4.0 pmol of Cu)
instead of MIL-53(Al)-Cu(OH). Reaction conditions: MIL-53(Al)-Cu(OCyHs) (4.0 pmol of
Cu), 7 mL water, 30 bar CHy, 10 bar O9, 175 °C, 32 h. 1.61 mmol of acetic acid was observed
(Entry 21, Table 3.3) in the liquid phase, confirming MIL-53(Al)-Cu(OC3yHs) as one of the

intermediate in the reaction pathway.
DUT-5(Al)-Cu(OH) catalyzed methane oxidation.

Synthesis of DUT-5(Al)-Cu(OH): DUT-5(Al) was synthesized via modifying the reported
procedure.% A solution of 4,4-bipenyldicarboxylic acid (0.100 g, 0.412 mmol) in 3 mL DMF
was transferred to a vial containing a solution of aluminium chloride hexahydrate (0.064 g,
0.270 mmol) in 3 mL DMF and kept on stirring for 2 h. The solution was kept in a
preheated oven at 120 °C in a Teflon lined hydrothermal autoclave for 48 h. After cooling
to room temperature, the white solid was collected via centrifugation, which was washed
with DMF several times. The PXRD pattern of DUT-5(Al) MOF matches well with the
simulated PXRD of DUT-5(Al) (Figure 3.14). The resulting solid was stored in THF at
room temperature to give DUT-5(Al) as a white solid with 58% yield. n-BuLi (0.235 mL,
1.65 M in cyclohexane) was added to the slurry of DUT-5(AI) (0.050 g, 0.17 mmol) in 1.5
mL THF in a vial, and the mixture was stirred for 1.5 h at room temperature inside the
glovebox. The light brown solid was washed with THF several times to remove the excess

n-Buli. A THF solution of CuCly.2H50 (0.06 g, 0.34 mmol) was added, and the mixture
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was stirred overnight at room temperature. The DUT-5(Al)-CuCl was centrifuged out of
the suspension, and the resultant yellowish-green solid was washed with THF several times.
Inside the glovebox, NaEt3BH (300 pL, 1 M in toluene) was added dropwise into a vial
containing DUT-5(AI1)-CuCl (0.080 g) as a slurry in 3 mL THF, and the mixture was kept
at room temperature for 1 h. The resultant black solid of DUT-5(Al)-CuH was separated
via centrifugation followed by washing with THF several times. DUT-5(Al)-CuH was taken
outside of the glovebox and kept in water for 30 minutes to afford DUT-5(Al)-Cu(OH).
25% iron-loading with respect to the po-OH moiety was analyzed by ICP-OES, giving an

empirical formula of C14HgO5.5A1Cug 5.

DUT-5(AIl)-Cu recovered after catalysis

DUT-5(Al)-Cu(OH)

synthesized DUT-5(AI)

J \ simulated DUT-5(AI)
A A
T

10 20 30 40 50 60
20

Figure 3.14: PXRD pattern of simulated DUT-5(Al) (black), synthesized DUT-5(Al) (red),
DUT-5(Al)-Cu(OH) (blue), DUT-5(Al)-Cu MOF recovered after catalysis

(green).

i

General procedure for methane oxidation mentioned in Section 3.3.2 was followed, using
DUT-5(A1)-Cu(OH) (4.0 pmol of Cu) instead of MIL-53(Al)-Cu(OH). Reaction conditions:
DUT-5(Al)-Cu(OH) (4.0 gmol of Cu), 7 mL water, 30 bar CHy, 10 bar O4, 175 °C, 32 h.
0.08 mmol of acetic acid along with 0.04 mmol of methanol was observed (Entry 21, Table
3.3) in the liquid phase, and 0.9 mmol of CO, in the gaseous phase. This reduction in
selectivity can be attributed to increased diffusion of acetic acid into the larger pores of
DUT-5(A1)-Cu(OH), where it undergoes further oxidation to CO,. In contrast, MIL-53(Al)
exhibits a unique diffusion profile that selectively facilitates the entry of methane (3.8 Ain

diameter) to the catalytic sites while restricting the diffusion of larger products like acetic
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acid (5.9 Ain diameter). Thus, the mass transfer limitations and pore size play a critical
role in proposedling the reaction selectivity. By tuning the pore size, we can effectively
control the diffusion of reactants and products, which is a key factor in maintaining high

selectivity for acetic acid in methane oxidation reactions.
Radical scavenging experiment with MIL-53(Al)-Cu(OH) catalyst.

Radical scavenging experiment with NapSOs. To investigate any role of "‘OH in MIL-
53(Al)-Cu(OH) catalysed methane to acetic acid conversion, we had performed the catalysis
in presence of a known "OH radical scavenger such as Nay;SOs3, and then catalytic activity

and selectivity were compared to those of reactions done in absence of NaySO3.

Reaction conditions: 3.8 mg of MIL-53(Al)-Cu(OH) (4.0 pumol Cu), 7 mL HyO, 30 bar
CHy, 10 bar Oy, 32 h, NaySO3 (250 mg, 1.98 mmol). General procedure mentioned in Section
3.3.2 was followed, and NapSO; (250 mg, 1.98 mmol) was added to study its effect on the
catalytic reaction. The yield of acetic acid as determined by GC using ethylene glycol as
the internal standard was 1.48 mmol, which is similar to that obtained without scavenger
under identical reaction conditions (Entry 5, Table 3.2). We conclude that the presence of
the "OH radical scavenger (NaySO3) does not affect the rate of the oxidation of methane
to acetic acid catalysed by MIL-53(Al)-Cu(OH), which illustrates that ‘OH radicals do not

participate in the mechanism.

Radical scavenging experiment with TEMPO. To investigate any role of -CHjz in MIL-
53(Al)-Cu(OH) catalysed methane to acetic acid conversion, we had performed the catalysis
in presence of a known ‘CH3 and "OH radical scavenger such as TEMPO and then catalytic
activity and selectivity were compared to those of reactions done in absence of ‘OH radical

scavengers.

General procedure mentioned in Section 3.3.2. was followed, and TEMPO (249.8 mg, 1.6
mmol) was added to study its effect on the catalytic reaction. Reaction conditions: 3.8 mg
of MIL-53(Al)-Cu(OH) (4.0 pmol Cu), 7 mL H50, 30 bar CHy, 10 bar O,, 32 h, TEMPO
(249.8 mg, 1.6 mmol). The yield of acetic acid as determined by GC using ethylene glycol as
the internal standard was 0.34 mmol, which is significantly lower to that obtained without
scavenger under identical reaction conditions (Entry 22, Table 3.3), which illustrates that

"CH; radicals are involved in the reaction mechanism.
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3.3.3 DFT Calculations.

All quantum chemical calculations were done using the density functional theory (DFT)
functional B3LYP /def2TZVP augmented with the D3 version of Grimme’s empirical disper-

66768 a5 implemented in the Gaussian 16 software suite.®® ™ Electronic struc-

sion correction
ture complexes were optimized at the unrestricted level. All calculations were performed
in the solvated state and at 448.15 K. We used the Polarizable Continuum Model (PCM)
using the integral equation formalism variant (IEFPCM) as the default SCRF method by
using water as the solvent in this DFT calculation at 175 °C. Each structure was first opti-
mized, and then frequency calculation was performed to confirm its geometry, to obtain the
thermochemical data, and to provide the thermal corrections to Gibbs free energy. MIL-
53(Al)-Cu(OH) was calculated with zero, one, and two HoO molecule coordinated to Cu.
Internal energies were compared directly after accounting for the difference in the num-

ber of coordinated HoO molecules. Optimized structures were visualized by GaussView 5.0

software.
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Figure 3.15: Proposed catalytic cycle of MIL-53(Al)-Cu(OH) catalyzed oxidation of
methane to acetaldehyde.
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Figure 3.16: DFT-calculated free energy diagram of methane oxidation to acetaldehyde over
MIL-53(Al)-Cu(OH) at 448 K.

To explore the reaction mechanism and determine the turnover-limiting step (TLS), the
entire catalytic cycle was examined through DFT calculations (Figure 3.16). The DFT-
calculated energy profile reveals that methane C-H bond activation via o-bond metathesis
has an energy barrier of 35 kcal /mol. The formation of INT-1 (MIL-53(Al)-Cu''(CH3)) from
MIL-53(Al)-Cu(OH) is endergonic by 13.3 kcal/mol. Subsequently, the homolytic cleavage
of INT-1 to generate INT-2 (Cu™ species) and a -CHj radical is slightly endergonic by 8.1
kcal/mol. INT-2 reacts with O, to form a Cu-OO- (triplet) species [INT-2’|, an exergonic
process by 35.6 kcal/mol. This is followed by a spin crossover to a Cu-OO- (singlet) species
[TS’], with an associated barrier of 6.8 kcal /mol, leading to the formation of INT-3 (Cu'-n?-
peroxy). INT-3 undergoes -bond metathesis with CH4 via TS-2, resulting in the formation
of INT-4, with an energy barrier of 27.1 kcal/mol. INT-4 rearranges to form INT-5, an
exergonic step by 4.2 kcal/mol. INT-5 undergoes a second o-bond metathesis via T'S-3 to
generate INT-6, with a barrier of 26.4 kcal/mol. The -CHj radical abstracts a hydrogen atom
from the methoxy group of INT-6 to form INT-7, a highly exergonic step by 63.7 kcal /mol.
INT-7 then rearranges to form INT-8 an exergonic step by 9 kcal/mol. Finally, INT-8
undergoes [-hydride elimination via TS-4, which is exergonic by 17.9 kcal/mol, yielding
acetaldehyde and MIL-53(Al)-CuH (INT-9). The hydrolysis of INT-9 regenerates MIL-
53(Al)-Cu(OH), completing the catalytic cycle, an exergonic process by 3 kcal/mol. The
energy profile showed that methane activation through o-bond metathesis has the highest

activation barrier and thus it is the turnover-limiting step.
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INT-9

Figure 3.16: DFT-optimized structures of intermediates and transition states for MIL-
53(Al)-Cu(OH) catalyzed oxidation of methane to acetaldehyde.
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Cartesian coordinates of the DFT-optimized structures.
MIL-53(Al)-Cu(OH) 38 C 25.230091 21.722604 16.876453
Coordinates (Angstroms) 39 C 25.145887 23.459236 22.534847
S.No. Atom X Y Z 40 H 27.069105 24.364040 21.513977
10 23.007351 12.375311 17.036534 41 H 25.160096 20.674925 20.673187
2 0 20.565758 10.863509 19.156597 42 H 23.040717 14.594298 19.153690
30 21.136450 13.042531 18.999734 43 H 20.616470 11.766359 16.224040
4 0 21.799933 10.492970 16.876532 44 H 19.847720 13.058320 15.674110
50 20.380511 12.700922 16.394554 45 H 25.083562 24.937686 18.666235
6 C 22.878394 11.128020 16.828877 46 H 21.169873 21.917334 19.014642
7 C 20.654206 12.073897 19.595291 47 H 25.500334 21.984605 15.845595
8 O 26.009986 18.490461 18.681110 48 H 27.200723 16.898056 18.442802
9 0 22.244916 14.510990 15.608678 49 H 23.180235 17.481338 21.771677
10 O 21.359912 16.987642 17.685584 50 H 19.360399 16.827279 17.606510
11 O 23.155932 16.730612 19.912611 51 H 23.253575 15.548635 14.221657
12 O 20.290436 15.040724 17.443303 TS-1
13 O 23.880670 18.802624 20.435702 .
Coordinates (Angstroms)
14 O 25.278202 16.416406 18.157504
S.No. Atom X Y Z
15 O 23.551670 16.287708 16.060288
10 22.683704 12.948666 17.113356
16 Al 21.752589 13.780943 17.283833 5 0 00.802492 11.037637 19400491
17 Al 23.384502 16.637533 17.957673 ' ' '
30 21.121815 13.268895 19.388866
18 O 23.402361 18.416715 17.777891
4 0O 21.697177 10.945216 16.966110
19 C 26.169313 17.269178 18.425628
50 19.962285 13.006051 16.938075
20 O 22967845 14.820628 18.219611
6 C 22.666640 11.721292 16.804853
21 C 20.310711 16.286389 17.580486
7 C 20.835506 12.206347 19.942729
22 C 23.024909 15.453973 15.288584 8 0 05 304008 19.097663 18594493
23 C 23.404546 17.672976 20.714805 ' ' '
9 0 21.456223 15.039625 16.005770
24 O 27.932037 24.416017 20.924055
10 O 20.745694 17.285971 18.434326
25 O 25.049844 20.497871 17.107854
1 O 22.874781 17.104881 20.240046
26 O 22.984887 22.664556 19.493031
12 O 19.854917 15.248551 18.177134
27 O 24.785965 22.755590 21.538106
13 O 23.704251 19.134638 20.748651
28 O 22.660952 20.640933 18.594368
14 O 24.661787 17.005176 18.115286
29 O 26.074185 24.283137 22.585896
15 O 22.580381 16.951311 16.370707
30 O 27.034640 22.813347 19.612523
16 Al 21.362371 14.180928 17.676761
31 O 25.126640 22.673825 17.689886
17 Al 22.765243 17.153612 18.292848
32 Al 24.419452 19.594898 18.682669
18 O 22.695287 18.926074 18.203294
33 Al 24.990800 22.825084 19.636795
19 C 25.544625 17.900470 18.185596
34 0O 24.936204 24.604483 19.554230
20 O 22.604851 15.280228 18.453256
35 C 27.949173 23.567573 19.956075
21 C 19.781369 16.478063 18.413747
36 O 25.141139 20.936536 19.746302
22 C 22.032937 16.101912 15.638206
37 C 22.254542 21.766848 19.046093
23 C 23.262849 17.996815 21.037068
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0)
0)
0)
0]
0)
0)
0)
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27.945133
23.942070
22.881568
24.806585
22.173199
26.228900
26.873609
24.849450
23.789741
24.851579
24.956967
27.849349
24.860184
22.002247
24.435004
25.259860
27.120516
25.142624
22.918453
20.284638
19.354878
24.997696
20.961420
24.490638
26.564935
23.213214
18.787681
22.042533
23.589421
20.579811
21.097869
28.760285
24.731127
18.955275
18.375156
18.556250
18.855206
21.327651
20.912718
22.284050

Cu 20.835359

24.539426
21.162372
23.185784
23.050432
21.091998
24.494043
23.002888
23.136427
20.075068
23.178737
24.955400
23.698638
21.303203
22.307324
22.300502
23.714664
24.535195
20.954139
14.985303
12.133050
13.377065
25.339833
22.618584
22.582013
17.590535
17.747277
16.890369
16.292304
11.327482
12.199771
11.025777
23.623406
23.562537
20.016145
19.615429
19.610888
21.105330
20.676454
21.548001
20.827358
19.510230

21.019646
17.398984
19.933581
21.845966
19.518736
22.824064
19.768585
17.983358
19.025906
19.942755
19.953873
20.051724
19.925012
19.813161
17.155540
22.823359
21.676105
20.775691
19.314276
16.635101
16.285380
19.075659
19.970774
16.096269
17.926149
22.104886
18.615688
14.559169
16.360063
21.003494
18.427361
19.448854
23.777293
18.350119
17.513405
19.285514
18.361580
16.387703
16.380591
16.522566
18.163099

INT-1

Coordinates (Angstroms)

S.No. Atom X Y Z

© 00 N O Ut oW N

EEESEEIEHRRLTEEEZIRZIZEREIRNRExT o rm &oe o
IEEHEEHQQQO0OQORERP000000000Q0QQ0Q0ERER00000000QAQ00O0O0O0

W~
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=

23.087255
20.728249
21.192061
21.999311
20.445717
23.034881
20.751811
25.908182
22.217783
21.259195
23.027491
20.287036
23.771248
25.160682
23.429333
21.781105
23.279186
23.313863
26.057183
22.948634
20.254133
22.941548
23.260675
28.024666
24.936429
23.054566
24.905424
22.615925
26.230187
27.067405
25.098577
24.327140
25.041715
25.056218
28.002877
25.131573
22.279437
25.146027
25.290761
27.173152
25.182625
23.067656
20.750034
19.979278

12.424929
10.789805
12.994030
10.480676
12.637790
11.183433
11.987887
18.499712
14.507369
16.953943
16.773212
14.957724
18.833245
16.436645
16.346925
13.767651
16.677875
18.443247
17.280540
14.843824
16.201034
15.490477
17.720894
24.307517
20.495064
22.698000
22.725100
20.698896
24.253414
22.697072
22.658797
19.598785
22.782537
24.560716
23.437925
20.903196
21.833792
21.712007
23.439599
24.291204
20.627593
14.602239
11.729425
13.004255

17.076709
19.109902
19.024765
16.866968
16.429084
16.834260
19.583528
18.715912
15.659210
17.761528
19.936140
17.506487
20.458171
18.197087
16.103190
17.332086
17.999459
17.801872
18.459129
18.250366
17.651792
15.336273
20.730856
20.828854
17.137860
19.597232
21.573167
18.692983
22.557733
19.578183
17.730225
18.716374
19.671349
19.620930
19.882139
19.760455
19.158882
16.909585
22.544793
21.448541
20.681287
19.174929
16.229073
15.666955




3.3 Experimental Section 115
45 H 25117950 24.912767 18.730364 25 O 25.014360 20.463406 17.138727
46 H 21.205149 22.049740 19.158227 2 O 23.022955 22.641755 19.568256
A7 H 25.390476 21.975309 15.872462 27 O 24.867192 22.738717 21.543933
48 H 27.086625 16.902299 18.469727 28 O 22.642389 20.654000 18.622463
49 H 22.986673 17.550931 21.780001 29 O 26.131530 24.327392 22.511440
50 H 19.271029 16.680391 17.680795 30 O 27.034825 22.747745 19.565360
51 H 23.153419 15.599665 14.267023 31 O 25.082167 22.637673 17.707355
52 H  23.988978 10.706538 16.576218 32 Al 24.395149 19.578455 18.710729
53 H  20.330275 12.066204 20.586823 33 Al 25.017137 22.783651 19.645793
54 H 21.172222 10.695813 18.199788 34 O 24.973426 24.558817 19.574630
55 H  28.940890 23.382071 19.320420 35 C 27.946836 23.520585 19.863876
56 H  24.725498 23.301307 23.479498 36 O 25.144262 20.903729 19.756686
57 Cu 21.498267 19.120572 17.812324 37 C 22.269346 21.770415 19.116807
58 C 19.672576 19.802512 17.698759 38 C 25180047 21.685525 16.898177
50 H 19.102144 19.235399 16.957368 39 C 25.221868 23.480905 22.507179
60 H 19.186470 19.698622 18.673828 40 H 27.079292 24.378103 21.407375
61 H 19.673935 20.858602 17.415517 A1 H 25174116 20.643327 20.683196
42 H 23.052935 14.579210 19.172552
 INT-2 43 H  20.688163 11.775005 16.183807
Coordinales (Angstroms) 44 H 19.942591 13.073266 15.640693
S.No. Atom X Y z 45 H  25.020074 24.904667 18.680747
1o 23.039916 12402129 17.068797 46 H 21.189078 21.951825 19.128471
20 20.594906 10.849339 19.072432 A7 H  25.430411 21.945510 15.861999
30 21137335 13.035490 18.994359 48 H  27.137022 16.869404 18.537322
10 21.902761 10.485998 16.862631 49 H 22.998718 17.549077 21.758108
50 20.415722 12.690787 16.390651 50 H 19.350053 16.784506 17.583774
6 C 22.956189 11.160750 16.832192 51 H 23.256685 15.563484 14.267219
Te 20649690 12046170 19.544881 52 H 23.898074 10.658257 16.581456
80 25960295 18.474481 18.738084 53 H  20.209633 12.142061 20.538610
90 22255059 14513200 15.646154 54 H 21.056962 10.737070 18.172393
10 O 21.344129 16.969763 17.706403 55 1 28800856 93479554 10311385
11 0 23.059427 16.761734 19.918522 f6 I 24657040 23.935048 93440014
12.0 20.303721 15.013903 17.456407 57 Cu 21.612440 19.073428 17.776007
13 0 93.798397 18.823655 20.437373
14 0 95.215342 16.408449 18.228146 INT-2°
15 O 23.531644 16.303624 16.106580 Coordinates (Angstroms)
16 Al 21.772358 13.779719 17.309259 S.No. Atom X Y Z
17 Al 23.343727 16.640038 17.991712 10 23.065145 12.415609 17.069404
18 O 93.390220 18.415839 17.780923 2 0 20.662739 10.824426 19.091538
19 C 26.110105 17.251127 18.500010 30 21.164300 13.020020 19.003730
20 0 92.963826 14.821490 18.244553 40 21.956360 10.482290 16.868865
21 C 20.308183 16.257773 17.583594 50 20.430923 12.660041 16.405888
22 C 93.022519 15.464931 15.332594 6 C 92.999422 11.172999 16.833973
23 C 93.284297 17.712770 20.711564 7 C 20.700067 12.023293 19.560883
24 0 97.935045 24.407551 20.793519 80 95.933222 18.487056 18.727677




3.3 Experimental Section 116
9 O 22.233990 14.505655 15.642932 53 H 20.267655 12.113208 20.558518

10 O 21.279113 16.973240 17.720046 54 H 21.117601 10.718867 18.187351

11 O 23.039244 16.772532 19.909894 55 H 28.933700 23.407556 19.378690

12 O 20.293264 14.985122 17.469664 56 H 24.616597 23.337380 23.428636

13 O 23.771319 18.836093 20.430661 57 Cu 21.565705 19.082824 17.764676

14 O 25.194780 16.420624 18.205793 58 O 19.765433 19.602629 17.587805

15 O 23.478605 16.320749 16.093822 59 O 19.578871 20.872636 17.538256

16 Al 21.775949 13.773094 17.312757 TS

17 Al 23.321839 16.658548 17.981981 )

Coordinates (Angstroms)

18 O 23.367271 18.424902 17.767103

19 C 26.086937 17.266921 18.478473 S.No. Atom X Y z
20 O 22.950900 14.838578 18.238624 Lo 23.064937 12.415582 17.069379
21 C 20.266036 16.227837 17.604401 20 20663092 10.824609 19.091926
22 C 22.978930 15.473255 15.323637 30 21.164258 13.020263 19003866
23 C 23.262094 17.723463 20.704046 10 21955875 10.482492 16.868402
24 O 27.971507 24.344895 20.850738 50 20430761 12.659974 16.406063
25 O 24.983175 20.477342 17.125135 6 C 22.999070 11.173018 16.833785
26 O 23.049000 22.691151 19.510621 Te 20700290 12.023500 19561185
27 O 24.848837 22.743040 21.533478 80 25933504 18487012 18.727415
28 O 22.622276 20.676364 18.636259 90 22233875 14.505647 15.642998
29 O 26.131883 24.297252 22.532397 10 O 21.279160 16.973182 17.719917
30 O 27.058732 22.712429 19 505498 11 O 23.039373 16.772551 19.909799
31 O 25.138480 22.646365 17.698619 12 O 20.293103 14.985147 17.469705
32 Al 24.358412 19.591995 18.698501 130 23771681 18.836031 20.430591
33 Al 25.033143 22.787872 19.636440 140 25.194850 16420655 18.205551
34 O 25037728 24565102 19.571203 15 O 23.478579 16.320714 16.093709
35 C 27.980861 23.463754 19.914724 16 Al 21.775803 13.773151 17.312788
36 O 25.130838 20907714 19744697 17 Al 23.321888 16.658578 17.981855
37 C 22978737 21.824635 19.069708 18 O 23.367457 18.424907 17.767030
38 C 25199510 21.692026 16.888465 19 C 26.087096 17.266860 18.478153
39 C 25202587 23.472557 22.506369 20 O 22.950914 14.838621 18.238531
40 H 27.103840 24.330329 21.446900 21 C 20.266019 16.227887 17.604453
A1 H 25.158916 20.644193 20.670208 22 C 22.978898 15.473150 15.323607
49 H 23.042195 14.604406 19168558 23 C 23.262466 17.723391 20.703982
A3 H 20719779 11.747954 16.203205 24 O 27.971555 24.344259 20.851614
A4 H 19.956476 13.031909 15.651392 25 O 24.983407 20.477322 17.125044
A5 H 25.109190 24.910709 18.673836 26 O 23.049111 22.691159 19.510350
46 H 21.206659 22.043503 19 028680 27 O 24.848661 22.743144 21.533230
A7 H 25463778 21.943783 15.853506 28 O 22.622410 20.676304 18.636171
48 H 27.115876 16.889043 18.506591 29 O 26.130898 24.297620 22.532774
49 H 22.978542 17.556674 21.750821 30 O 27.058814 22.712618 19.595161
50 H 19.286767 16.716093 17.618496 31 O 25.138762 22.646349 17.698492
51 H 23.200514 15.577987 14.256107 32 Al 24.358720 19.591929 18.698365
59 H 923.948756 10.684565 16.530203 33 Al 25.033159 22.787932 19.636280

34 O 25.037768 24.565148 19.571152




3.3 Experimental Section

35 C  27.980922 23.463718 19.915052

36 O 25.131069 20.907714 19.744529

37 C  22.278856 21.824579 19.069517

38 C  25.199689 21.692014 16.888339

39 C 25.201756 23.472733 22.506280

40 H 27.104012 24.329456 21.447963

41 H 25.159236 20.644182 20.670034

42 H 23.042353 14.604308 19.168413

43 H 20.719663 11.747868 16.203515

44 H 19.956337 13.031702 15.651484

45 H 25.109108 24.910905 18.678835

46 H 21.206790 22.043474 19.028376

47 H 25.463868 21.943759 15.853355

48 H 27.116012 16.888915 18.506155

49 H 22.979233 17.556493 21.750828

50 H 19.286752 16.716154 17.618717

51 H 23.200545 15.577723 14.256075

52 H 23.948344 10.684473 16.579998

53 H 20.268007 12.113431 20.558874

54 H 21.117824 10.719102 18.187680

55 H 28.933762 23.407915 19.378979

56 H 24.615291 23.337548 23.428229

57 Cu 21.565805 19.082871 17.764651

58 O 19.765048 19.602633 17.588371

59 O 19.578611 20.872790 17.538517

INT-3
Coordinates (Angstroms)

S.No. Atom X Y Z
10 23.007351 12.375311 17.036534
20 20.565758 10.863509 19.156597
30 21.136450 13.042531 18.999734
4 0 21.799933 10.492970 16.876532
5 0 20.380511 12.700922 16.394554
6 C 22.878394 11.128020 16.828877
7 C 20.654206 12.073897 19.595291
8 O 26.009986 18.490461 18.681110
9 O 22.244916 14.510990 15.608678
10 O 21.359912 16.987642 17.685584
11 O 23.155932 16.730612 19.912611
12 O 20.290436 15.040724 17.443303
13 O 23.880670 18.802624 20.435702
14 O 25.278202 16.416406 18.157504
15 O 23.551670 16.287708 16.060288
16 Al 21.752589 13.780943 17.283833

117

17 Al 23.384502 16.637533 17.957673
18 O 23.402361 18.416715 17.777891
19 C  26.169313 17.269178 18.425628
20 O 22.967845 14.820628 18.219611
21 C 20.310711 16.286389 17.580486
22 C  23.024909 15.453973 15.288584
23 C  23.404546 17.672976 20.714805
24 O 27.932037 24.416017 20.924055
25 O 25.049844 20.497871 17.107854
26 O 22.984887 22.664556 19.493031
27 O 24.785965 22.755590 21.538106
28 O 22.660952 20.640933 18.594368
29 O 26.074185 24.283137 22.585896
30 O 27.034640 22.813347 19.612523
31 O 25.126640 22.673825 17.689886
32 Al 24.419452 19.594898 18.682669
33 Al 24.990800 22.825084 19.636795
34 O 24.936204 24.604483 19.554230
35 C  27.949173 23.567573 19.956075
36 O 25.141139 20.936536 19.746302
37 C  22.254542 21.766848 19.046093
38 C  25.230091 21.722604 16.876453
39 C  25.145887 23.459236 22.534847
40 H 27.069105 24.364040 21.513977
41 H 25.160096 20.674925 20.673187
42 H 23.040717 14.594298 19.153690
43 H 20.616470 11.766359 16.224040
44 H 19.847720 13.058320 15.674110
45 H 25.083562 24.937686 18.666235
46 H 21.169873 21.917334 19.014642
47 H 25.500334 21.984605 15.845595
48 H 27.200723 16.898056 18.442802
49 H 23.180235 17.481338 21.771677
50 H 19.360399 16.827279 17.606510
51 H 23.253575 15.548635 14.221657
52 H 23.803711 10.588551 16.589897
53 H 20.251312 12.199192 20.601260
54 H 20.984549 10.735234 18.246087
55 H 28.901310 23.545030 19.416245
56 H 24.559504 23.295002 23.452510
57 Cu 21.617433 19.043682 17.875396
58 O 20.283805 19.292515 18.801035
59 O 20.790674 19.663560 16.598874
TS-2




3.3 Experimental Section 118
Coordinates (Angstroms) 43 H 20.092841 11.880082 16.741273

S.No. Atom X Y Z 44 H 19.278366 13.144828 16.195445
10 22.460309 12.597699 17.566406 45 H 24.566484 25.086400 19.229953
2 0 19.968907 11.009199 19.791186 46 H 20.565491 22.242872 19.606891
30 20.526150 13.189529 19.538079 47 H 24.807980 22.118293 16.407400
4 0O 21.432176 10.627830 17.259523 48 H 26.436244 17.080941 19.024010
50 19.814316 12.800523 16.920352 49 H 22.384438 17.695843 22.301257
6 C 22.446946 11.357064 17.309839 50 H 18.636070 16.852450 18.123999
7 C 20.061262 12.237290 20.168502 51 H 22.562150 15.772095 14.792986
8 O 25.252080 18.675547 19.254274 52 H 23.426385 10.908702 17.101564
9 O 21.597667 14.684372 16.168553 53 H 19.665249 12.405467 21.170971
10 O 20.629709 17.100213 18.231637 54 H 20.377761 10.820764 18.879668
11 O 22.395767 16.936581 20.449498 55 H 28.315162 23.528094 19.910389
12 O 19.635120 15.119143 17.975385 56 H 24.018043 23.505902 23.990852
13 O 23.125931 19.001014 20.977255 57 Cu 20.869805 19.262736 18.381652
14 O 24.515028 16.614063 18.726790 58 O 19.338113 19.618370 19.168077
15 O 22.831198 16.502475 16.636367 59 C 18.900477 20.146678 17.959166
16 Al 21.133563 13.923860 17.825062 60 H 19.795938 19.976465 17.398739
17 Al 22.642832 16.820280 18.515877 61 O 20.496665 19.125380 20.139066
18 O 22.657205 18.617264 18.330208 62 H 19.081334 21.193188 17.828751
19 C 25.407423 17.457476 19.000577 63 H 18.421825 19.448262 17.304944
20 O 22.290155 14.999663 18.768145 64 H 17.938830 20.389655 18.360535
21 C 19.612879 16.360169 18.114086
22 C 22.335809 15.658798 15.858256 . INT-4

Coordinates (Angstroms)

23 C 22.633318 17.879851 21.249394
24 O 27.396722 24.448469 21.421761 S-No. Atom X Y z
25 O 24.327803 20.653805 17.681111 Lo 22.912907 12.423347 16.826359
26 O 22.404060 22.902471 20.070661 20 20471314 10.911545 18.946422
27 O 24.206683 22.937267 22.083883 30 21.042006 13.090567 18.789559
28 O 21.996079 20.893960 19.181772 10 21705489 10.541007 16.666357
29 O 25.536736 24.450307 23.082328 50 20.286068 12.748958 16.184379
30 O 26.426549 22.874773 20.137546 6C 22.783950 11176057 16.618702
31 O 24.494896 22.821686 18.253987 [ 20.559762 12.121933 19.385116
32 Al 23.696517 19.790653 19.253296 80 25915542 18.538497 18.470935
33 Al 24.399955 22.977581 20.192999 90 22.150472 14.559026 15.398503
34 0 94418728 24750267 20.116803 10 O 21.265468 17.035678 17.475409
35 C 97 371861 23.593120 20.461405 11 O 23.061489 16.778648 19.702435
3% O 94473511 21094254 20304256 12 O 20.195992 15.088760 17.233127
37 C 91 640743 22.033799 19.632410 13 O 23.786227 18.850660 20.225527
38 C 94 546184 21.868804 17442947 14 O 25.183758 16.464442 17.947329
39 C 94.592925 23644056 23.062357 15 O 23.457227 16.335745 15.850113
40 H 96.539550 24432802 22.026526 16 Al 21.658146 13.828979 17.073658
i 94.493043 20.832871 21.230869 17 Al 23.290058 16.685569 17.747498
19 H 99363531 14.768308 19700614 18 O 23.307917 18.464752 17.567716

19 C 26.074869

17.317214 18.215452




3.3 Experimental Section 119
20 O 22.873401 14.868664 18.009436 64 H 21.929836 19.375201 20.124180
21 C 20.216267 16.334425 17.370311
22 ¢ 22.930465 15.502010 15.078408 INT-5
923 C 23.310102 17.721012 20.504630 Coordinates (Angstroms)
24 O 27.837593 24.464053 20.713880 S.No. Atom X Y z
25 O 24.955400 20.545907 16.897679 10 23.131809 12.474023 17.071917
2 O 22.890443 22.712592 19.282856 20 20.820032 10.789909 19.110798
27 O 24.691521 22.803626 21.327931 30 21.243924 13.003432 19.033291
28 O 22.566508 20.688969 18.384193 40 22.081888 10.509405 16.854985
29 O 25979741 24.331173 22.375721 50 20.479879 12.632342 16.442917
30 O 26.940196 22.861383 19.402348 6 C 23.103437 11.233075 16.825681
31 O 25.032197 22.721861 17.479710 70 20.826140 11.987764 19.589565
32 Al 24.325008 19.642934 18.472494 80 25.863969 18.503877 18.785417
33 Al 24.896356 22.873120 19.426619 90 22.214084 14.522266 15.636638
34 O 24841760 24.652519 19.344055 10 O 21.187797 16.940276 18.105030
35 O 97851720 93.615600 19.745000 11 0 93.107007 16.816539 19.964810
36 O 25.046695 20984573 19.536127 12 O 20.309355 14.959886 17.504920
37 O 99160008 21814884 18.835018 13 O 23.756135 18.891894 20.524079
38 O 25135647 21770640 16.666278 14 0 95.042706 16.545468 18.043785
30 O 95051443 93507979 92.324672 15 O 23.168485 16.498121 16.119560
10 H 26.974661 24412076 91.303801 16 Al 21.801207 13.799280 17.327746
AL H 25.065652 20792961 20.463012 17 Al 23.117711 16.776487 18.016644
12 H 29046273 14.642335 18.943515 18 O 93.264987 18.584394 17.832348
13 H 20592096 11.814395 16.013865 19 C 25.969649 17.314968 18.382943
1 H 19753977 13106356 15463035 20 O 92.956943 14.897351 18.226342
45 H 921989119 24.985729 18456060 21 C 20.237689 16.166388 17.868209
46 H 21075420 21965371 18.804467 922 C 92.794652 15.602354 15.336312
47 H 95405891 92.032641 15.635420 23 C 93.307276 17.747391 20.780670
48 H 27106279 16.946092 18.232626 2% 0 98.048046 24.313985 21.069979
19 H 923.085791 17529374 21 561509 2% 0 24.990912 20.563136 17.274880
0 H 19965055 16.875315 17396334 2% O 93.075542 22.737746 19.747306
sl H 23159132 15.506671 14.011481 27 0O 24.925008 22.723848 21.739053
5 H 93700967 10.636587 16.379792 28 O 92.685953 20.778642 18.765572
3 H 20156869 12.247299 20.391084 29 0 26.224354 24.246652 22.763915
1 H 20890105 10.783270 18.035012 30 O 97.104607 22.734331 19.770767
5 H 98.806867 23593066 19.206070 31 0 95.146142 22.715286 17.906038
56 H 94465060 23.313038 23249334 32 Al 24.362015 19.649657 18.839959
7 Cu 21592089 19.091719 17665221 33 Al 25.102070 22.814787 19.848892
8 O 20019054 19.553393 17.806296 34 0 95.084166 24.589838 19.820432
0 O 21312904 19.286521 16.016820 35 C 98.039216 23.464704 20.107004
60 H 21739905 19510413 15193663 36 O 95.169942 20.932853 19.902366
61 C 21151019 18.905042 19.560149 37 C 92.319419 21.934283 19.200526
62 H 20915307 19372542 19.787360 38 C 95.204727 21.784173 17.068683
63 H 21102754 17867618 19.814023 39 C 95.287632 23.431200 22.725757
40 H 97.185713 24.293218 21.677472




3.3 Experimental Section

120

41 H 25.205201 20.645338 20.820763

42 H 23.200534 14.611840 19.111892

43 H 20.805766 11.733077 16.235678

44 H 20.002329 12.992800 15.684957

45 H 25.131165 24.959019 18.935955

46 H 21.264910 22.175735 19.049282

47 H 25.461434 22.064155 16.039555

48 H 26.988105 16.911991 18.332103

49 H 23.070623 17.539295 21.831360

50 H 19.226787 16.573599 17.983839

51 H 22.982615 15.765995 14.269241

52 H 24.066953 10.774950 16.567579

53 H 20.410078 12.052054 20.596373

54 H 21.257772 10.707984 18.197613

55 H 28.985521 23.413000 19.559772

56 H 24.703437 23.282893 23.646632

57 Cu 21.855175 19.720078 17.361403

58 O 20.574299 20.950732 17.067732

59 H 20.043934 20.614177 16.333156

60 O 21.294219 18.799925 15.909141

61 C 22.101890 19.097774 14.797296

62 H 21.728353 18.476090 13.973175

63 H 22.021986 20.147338 14.490232

64 H 23.149582 18.837173 14.969420

TS-3
Coordinates (Angstroms)

S.No. Atom X Y Z
10 23.225460 12.475400 17.001341
2 0 20.979989 10.718724 19.058803
30 21.360674 12.940657 19.000039
4 0O 22.206814 10.495279 16.775816
50 20.561311 12.591231 16.417133
6 C 23.215262 11.237127 16.741059
7 C 20.971840 11.911120 19.551470
8 O 25.920176 18.484317 18.742078
9 0 22.243755 14.525372 15.608832
10 O 21.237373 16.892898 18.080100
1 O 23.158613 16.800859 19.938196
12 O 20.363445 14.900330 17.517788
13 O 23.831018 18.868581 20.501223
14 O 25.087817 16.532603 17.999150
15 O 23.202009 16.500378 16.088948
16 Al 21.873790 13.771611 17.296871
17 Al 23.163830 16.761725 17.989243

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
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23.297114
26.020037
23.023193
20.289328
22.815611
23.368625
28.179170
25.041131
23.176259
25.048263
22.763441
26.376812
27.203205
25.221611
24.420310
25.203241
25.204882
28.149544
25.249131
22.409328
25.262512
25.430647
27.324236
25.294238
23.302330
20.902791
20.073154
25.244563
21.355371
25.509374
27.036717
23.127191
19.278544
22.982713
24.182872
20.572159
21.403179
29.088505
24.856117
21.892673
20.632712
20.069570
21.287967
22.060422

18.574061
17.297209
14.879067
16.107500
15.609498
17.728961
24.255390
20.537835
22.733060
22.700676
20.783004
24.209081
22.685329
22.687731
19.631486
22.788188
24.563409
23.405955
20.906333
21.937987
21.757370
23.403996
24.244424
20.616863
14.582916
11.699802
12.949444
24.931318
22.187432
22.036814
16.891054
17.522786
16.504697
15.781849
10.798862
11.955847
10.656589
23.343876
23.262423
19.726011
20.980273
20.637574
18.801806
19.098767

17.824940
18.334589
18.190293
17.877889
15.306087
20.755086
21.003111
17.242258
19.742091
21.711071
18.752431
22.719606
19.716300
17.874619
18.815322
19.818708
19.788766
20.040796
19.872022
19.198207
17.035272
22.693077
21.621757
20.789312
19.061530
16.199457
15.664878
18.903406
19.059464
16.003580
18.274628
21.804876
18.025180
14.236922
16.464461
20.565952
18.137656
19.482105
23.621054
17.374288
17.087426
16.380702
15.943036
14.805996




3.3 Experimental Section 121
62 H 21.658968 18.478923 13.993751 34 O 25.132347 24.575902 19.828269
63 H 21.973225 20.148675 14.502389 35 C 28.069950 23.387053 20.074158
64 H 23.112505 18.835338 14.943934 36 O 25.135860 20.921785 19.919923
65 C 20.204632 19.378619 20.332024 37 C 22.310574 21.966662 19.249204
66 H 19.891729 20.107287 19.584789 38 C 25.202919 21.764651 17.083846
67 H 20.929072 19.834524 21.005401 30 C 25.358029 23.429370 22.730928
68 H 20.663255 18.531323 19.825175 40 H 27.262223 24.245020 21.652088
69 H 19.338468 19.039728 20.899398 A1 H 25155722 20.635350 20.839038
42 H 23.190140 14.628276 19.151414
~ INT-6 43 H 20.867991 11.754026 16.206922
Coordinates (Angstroms) 44 H 20.062337 13.013301 15.659191
S.No. Atom X Y Z 45 H 25.179195 24.938851 18.941071
1O 23172870 12.505830 17.090497 46 H 21.254463 22.244249 19.198750
2.0 20.831568 10.782720 19.066541 A7 H  25.461401 22.039850 16.053397
3.0 21247098 12.998935 19.026161 48 H  27.009168 16.902969 18.452774
40 22149545 10.530825 16.837080 49 H  23.004381 17.574126 21.884343
5 0 20528239 12.646374 16.421251 50 H 19.231056 16.570804 17.976140
6 C 23162452 11.267333 16.832567 51 H 23.033685 15.810457 14.301720
Te 20.822776 11.975180 19.560719 52 H 24.135754 10.822201 16.588025
80 25874969 18.497428 18.870032 53 H  20.386581 12.023656 20.559988
9 0 22.258032 14.554883 15.653715 54 H 21.288446 10.715071 18.162423
10 O 21.189064 16.940430 18.128909 5 H 20.000504 23307601 10518581
11 0 23.088671 16.820492 20.031860 f6 H 24784562 23907613 93 661243
1220 20322804 14.963427 17.497451 57 Cu 21.799020 19.733999 17.325906
130 23.708332 18.913608 20.573860 5 O 21100197 18803028 15807557
14 0 25.069478 16.520857 18.148108 0 O 21910799 10415193 14730766
150  23.210063 16.526840 16.159032 60 H 21625170 18880911 13 968552
16 Al 21.827969 13.823754 17.334518 61 H 21669204 20119936 14342470
17 Al 23.138890 16.802062 18.070130 69 H 22004070 10030477 14871811
18 0 23276218 18.572985 17.897499 63 C  20.425231 21.036385 16.881510
19 C 25987716 17.302745 18.485826 64 H 19.903070 21.178182 17.827349
200 22960451 14.915563 18.262864 65 H 20.983200 21.918221 16.568133
21 C 20245941 16.169202 17.871522 66 H 19.777884 20.647634 16.105524
22 C 92.840793 15.639337 15.367116
23 C 93.262977 17.768160 20.835148 TS-4
24 O 28.112398 24.243280 21.032511 Coordinates (Angstroms)
25 O 24.994851 20.545693 17.297919 S.No. Atom X Y zZ
26 O 23.100218 22.745507 19.790295 10 23109064 12.478888 17.046703
27 O 24.967038 22.722397 21.754844 2 0 20.570367 10.860388 18.867948
28 O 22.629033 20.837544 18.729908 30  21.073304 13.057615 18.846891
20 O 26.309458 24.228385 22.751892 40  22.035012 10.537485 16.753513
30 O 27.114029 22.678907 19.755823 50 20525217 12.709778 16.201155
31 O 25.140264 22.703284 17.914242 6 C 93.071225 11.237922 16.798630
32 Al 24.342243 19.626827 18.859411 7 C 20.567999 12.054093 19.352888
33 Al 25106946 22.798502 19.856859 8 O 25849870 18.499118 18.907267




3.3 Experimental Section 122
9 O 22.371623 14.563482 15.568189 53 H  20.057283 12.131022 20.314121

10 O 21.272960 17.015308 17.610626 54 H 21.098511 10.765384 18.002791

11 O 22.847721 16.843274 19.898795 55 H  29.057891 23.174956 19.859307

12 O 20.306884 15.027998 17.258777 56 H  24.438310 23.342388 23.556872

13 O 23.578285 18.895204 20.470021 57 Cu 21.590006 19.252729 17.402515

14 O 25.103818 16.451353 18.330103 58 O 22.364640 20.062519 15.389653

15 O 23.537276 16.407811 16.102306 50 C 23.440357 19.651778 15.004898

16 Al 21.798114 13.831347 17.204856 60 H 20.773148 17.428861 13.195352

17 Al 23.243939 16.739423 17.992623 61 H 23.941345 20.128747 14.148936

18 O 23.352695 18.497172 17.777691 62 H 23.928515 18.805699 15.496683

19 C 25.994162 17.278631 18.657806 63 C 19.759778 19.919471 17.237472

20 O 22.896236 14.898683 18.210678 64 H 19.219052 19.751690 18.174274

21 C 20.278473 16.273272 17.410425 65 H 19.771612 20.990326 17.016346

22 C 23.112131 15.550173 15.300556 66 H 19.245801 19.393998 16.427686

23 C 23.021935 17.796294 20.702047 67 C 20.374073 17.288154 14.199095

24 O 28.035309 24.167640 21.252239 68 H 19.376189 17.720513 14.259853

25 O 25.067266 20.513617 17.245317 69 H 20.323383 16.223243 14.422448

26 O 23.153124 22.806104 19.515471 70 H 21.021833 17.785110 14.917951

97 O 24.783065 22.738572 21.682132

28 O 22.669570 20.800232 18.635879 - INT-7

20 O 26.069884 24.217093 22.786767 Coordinates (Angstroms)

30 O 27.136326 22.583143 19.927314 S.No. Atom X Y z
31 O 25.378813 22.650775 17.876113 1O 23111269 12.517630 17113181
32 Al 24.200784 19.639579 18.780879 2.0 20.669086 10.870576 19.046235
33 Al 25.109908 22.779801 19.802467 3.0 21142471 13.073997 18.991046
34 O 25.236721 24.554929 19.759125 40 22064917 10.552667 16.882959
35 C 28.069877 23.283623 20.318486 5 0 20489513 12.689603 16.374458
36 O 25.092267 20.902226 19.887776 6.C 2308159 11.273345 16.880715
37 C 22372784 21.966949 19.028645 7 C 20669938 12.068154 19.522768
38 C 25.405522 21.708283 17.051440 8 0 25849207 18.572633 18.753393
30 C 25.100697 23.445613 22.683172 9.0 22.269449 14.570119 15.641526
0 H 27124051 24199933 21777174 10 O 21.184862 17.022898 17.837866
A H 25073503 20.616410 20.806350 11 0  22.962056 16.857537 19.976736
9 H 22055581 14648416 1913510 12 0 20276513 15.016938 17.418059
5 H 20833042 11804058 16.001100 130 23.735654 18.899076 20.530576
L H 20056152 15.0858607 15429050 14 0 25067239 16.535046 18.190348
45 H 25900873 24800060 18875320 150 23309612 16.506050 16.114546
6 H 21920170 22.954152 15.016330 16 Al 21.781435 13.847735 17.311246
7 H 9578l 91053956 16.040105 17 Al 23.172698 16.801006 18.035345
48 H 27015007 16.850850 18740650 18 O 23.246332 18.566039 17.864290
10 H 99616371 17649792 91792148 19 C 25.978071 17.360143 18.456544
S0 H 19300108 16760558 17355170 20 0 22.903115 14.945332 18.252030
L H 93400255 15663478 14240509 21 C  20.214703 16.253680 17.633294
0 H 2401072 10759319 16610911 22 C 22.914689 15.610883 15.337438

93 C 23.208580 17.780784 20.784564




3.3 Experimental Section 123
24 O 28.154197 24.277309 20.878224 S.No. Atom X Y Z
25 O 24.874171 20.599481 17.215887 10 23.033923 12.437204 17.080433
26 O 23.121990 22.800170 19.773414 2 0 20.562217 10.899712 19.065253
27 O 25.030202 22.746028 21.700126 30 21.121806 13.081770 18.992992
28 O 22.619181 20.828122 18.837256 4 0 21.893009 10.523340 16.872672
29 O 26.417492 24.231027 22.665480 50 20.415094 12.733410 16.385115
30 O 27.128085 22.700031 19.639678 6 C 22.948242 11.195416 16.847029
31 O 25.105625 22.745815 17.846360 7 C 20.620832 12.096232 19.538189
32 Al 24.275292 19.686149 18.800985 8 O 25.973025 18.490653 18.750095
33 Al 25.103225 22.831699 19.794163 9 O 22.266716 14.546898 15.646535
34 O 25.166284 24.610617 19.772587 10 O 21.356723 17.008463 17.706696
35 C 28.086137 23.419757 19.922356 11 O 23.053551 16.804205 19.922300
36 O 25.150639 20.951755 19.845595 12 O 20.305663 15.059142 17.442996
37 C  22.321847 21.960971 19.323881 13 O 23.802464 18.862533 20.441485
38 C 25.103401 21.815843 17.005423 14 O 25.212505 16.430922 18.238123
39 C 25.462013 23.435606 22.669898 15 O 23.538662 16.340300 16.109516
40 H 27.322941 24.268314 21.524638 16 Al 21.770343 13.821200 17.309617
41 H 25.236858 20.652634 20.756115 17 Al 23.342247 16.680647 17.995691
42 H 23.063668 14.680182 19.163163 18 O 23.406146 18.455997 17.783523
43 H 20.808794 11.789232 16.168554 19 C 26.113483 17.266351 18.511120
44 H 20.016623 13.054410 15.615656 20 O 22.960664 14.859703 18.248413
45 H 25.202889 24.974697 18.885475 21 C 20.318760 16.303857 17.572607
46 H 21.253977 22.209063 19.335360 22 C 23.035052 15.498843 15.335215
47 H 25.318174 22.095573 15.965780 23 C 23.278818 17.755733 20.714265
48 H 27.003891 16.971256 18.432845 24 O 28.061732 24.328015 20.854622
49 H 22.933721 17.607354 21.831734 25 O 25.045583 20.488199 17.144619
50 H 19.216563 16.704301 17.636755 26 O 23.117715 22.698751 19.552416
51 H 23.142424 15.739709 14.273340 27 O 24.934772 22.752266 21.554125
52 H 24.058955 10.810966 16.660645 28 O 22.669973 20.710596 18.629022
53 H 20.195272 12.145076 20.502343 29 O 26.233305 24.297489 22.546402
54 H 21.166059 10.776383 18.163140 30 O 27.124611 22.710791 19.597601
55 H 29.005054 23.354162 19.330709 31 O 25.191862 22.657453 17.717925
56 H 24.925712 23.291907 23.620871 32 Al 24.414262 19.607560 18.715827
57 Cu 21.465800 19.359379 17.699039 33 Al 25.106280 22.797471 19.656057
58 O 21.635207 19.301396 15.420911 34 0O 25.109073 24.574004 19.591956
59 C 22.749812 19.171125 14.956902 35 C 28.056605 23.451112 19.915225
60 H 23.631912 19.169810 15.603885 36 O 25.186430 20.916804 19.764231
61 H 22.885409 19.050804 13.871428 37 C 22.337017 21.846416 19.107735
62 C 19.653103 20.092342 17.767706 38 C 25.255113 21.703998 16.906974
63 H 19.306706 20.135459 18.805057 39 C 25.297856 23.479516 22.525200
64 H 19.644417 21.102384 17.347457 40 H 27.197613 24.320930 21.457744
65 H 18.974601 19.460325 17.187446 41 H 25.207358 20.653771 20.690182
42 H 23.050679 14.615814 19.175759
INT-8 43 H 20.684976 11.817405 16.177377

Coordinates (Angstroms)




3.3 Experimental Section
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44 H 19.942838 13.118076 15.635778

45 H 25.175554 24.921321 18.699873

46 H 21.266192 22.070188 19.113105

47 H 25.514560 21.957127 15.871252

48 H 27.137412 16.876409 18.549823

49 H 22.984255 17.596784 21.759178

50 H 19.365165 16.839137 17.563917

51 H 23.275432 15.594400 14.270846

52 H 23.891256 10.689691 16.603559

53 H 20.170889 12.195410 20.527204

54 H 21.034582 10.783588 18.170778

55 H 29.005452 23.386585 19.373254

56 H 24.715242 23.349091 23.450162

57 Cu 21.631701 19.135668 17.741825

58 O 19.882277 19.531918 17.434742

59 C 19.371910 20.835346 17.509159

60 H 19.250507 21.149486 18.558693

61 H 20.053381 21.560113 17.036597

62 C 18.017103 20.907651 16.815091

63 H 17.316143 20.211981 17.281505

64 H 17.600749 21.915978 16.880909

65 H 18.116072 20.640108 15.760932

TS-5
Coordinates (Angstroms)

S.No. Atom X Y Z
10 23.016930 12.480505 17.112615
20 20.583149 10.947676 19.138096
30 21.136943 13.130912 19.054241
4 O 21.866028 10.571451 16.916437
50 20.389512 12.785360 16.457122
6 C 22.923238 11.239871 16.876425
7 C 20.649204 12.144452 19.609553
8 O 26.002542 18.526568 18.728722
9 0 22.236399 14.592827 15.690736
10 O 21.358924 17.058389 17.783075
1 O 23.097049 16.844757 19.960736
12 O 20.303481 15.111342 17.514326
13 O 23.871302 18.896406 20.469290
14 O 25.221832 16.469974 18.234477
15 O 23.507009 16.391171 16.137975
16 Al 21.761464 13.868982 17.360910
17 Al 23.346242 16.725271 18.029145
18 O 23.414854 18.500587 17.819310

19 C 26.132149

17.301326 18.486929

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
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22.968858
20.320055
22.996368
23.344888
28.137000
25.040179
23.153837
25.049352
22.702953
26.384940
27.160332
25.154391
24.447042
25.147813
25.134086
28.098893
25.241774
22.371044
25.215154
25.450862
27.300484
25.289048
23.076519
20.653974
19.907636
25.164857
21.298056
25.438221
27.155110
23.070164
19.366601
23.221657
23.860527
20.219302
21.035305
29.023636
24.907103
21.647254
19.889041
19.432154
18.363269
19.491559
20.173738
20.076644

14.903452
16.355538
15.548291
17.792851
24.380781
20.533372
22.722806
22.780351
20.752329
24.320586
22.760857
22.702746
19.645438
22.833827
24.610242
23.508245
20.952744
21.874407
21.754469
23.500764
24.361544
20.685581
14.655506
11.868273
13.170968
24.961654
22.088810
22.017740
16.907271
17.633681
16.891247
15.645886
10.731517
12.242819
10.832230
23.454397
23.361961
19.196258
19.598657
20.907710
20.858633
21.496040
21.641672
21.096406

18.282348
17.650697
15.369884
20.749959
20.754992
17.151493
19.646196
21.574061
18.688870
22.524203
19.532308
17.730612
18.733862
19.671847
19.614229
19.812589
19.768234
19.199873
16.913213
22.535012
21.396249
20.692056
19.206706
16.246451
15.714450
18.721817
19.231093
15.871608
18.502867
21.800224
17.649881
14.302393
16.616855
20.607512
18.233337
19.229435
23.482085
17.800518
17.531667
17.329167
17.076634
18.259258
16.216285
15.275099




3.3 Experimental Section

125

64 H 19.781199 22.652308 16.077826
65 H 21.238962 21.720509 16.450749

INT-9
Coordinates (Angstroms)

S.No. Atom X Y Z
10 23.057589 12.422511 17.066548
20 20.651281 10.831565 19.083347
30 21.156339 13.026584 19.000195
4 0 21.942262 10.493898 16.857500
50 20.424338 12.676578 16.400738
6 C 22.987939 11.181073 16.826702
7 C 20.690621 12.029455 19.555225
8 O 25.934142 18.489831 18.721832
9 0 22.232895 14.518446 15.644137
10 O 21.288000 16.980817 17.734043
11 O 23.049214 16.769250 19.925151
12 O 20.292669 14.999740 17.471978
13 O 23.790747 18.829955 20.446808
14 O 25.188714 16.426097 18.202214
15 O 23.472161 16.336140 16.099707
16 Al 21.771596 13.783482 17.311941
17 Al 23.313017 16.666219 17.991509
18 O 23.346777 18.433366 17.791926
19 C 26.084246 17.269498 18.470497
20 O 22.948908 14.843045 18.240798
21 C 20.270846 16.241760 17.614617
22 C 22.976019 15.488709 15.327592
23 C 23.280947 17.717252 20.720212
24 O 27.974019 24.353450 20.838115
25 O 24.976002 20.477127 17.131115
26 O 23.044335 22.688075 19.532111
27 O 24.860289 22.744722 21.539892
28 O 22.627796 20.675006 18.653903
29 O 26.145277 24.302223 22.530937
30 O 27.058081 22.719014 19.587593
31 O 25.124004 22.646582 17.704822
32 Al 24.359422 19.591123 18.708589
33 Al 25.035153 22.789085 19.642333
34 O 25.031019 24.565882 19.576385
35 C 27.980444 23.472245 19.902485
36 O 25.135011 20.909158 19.750739
37 C 22.277357 21.817792 19.096907
38 C 25.185145 21.692680 16.893733
39 C 25.217206 23.475956 22.510307

40
41
42
43
44
45
46
47
48
49
50
o1
52
53
54
55
56
57
58

27.109797
25.170565
23.049163
20.711939
19.957835
25.101958
21.202204
25.442333
27.112679
23.005765
19.295244
23.198814
23.935896
20.258594
21.105226
28.930578
24.635809
Cu 21.538121
H 20.119710

mniiasjijaniiaejiasiiasiiasjianiilas ol as sl as i an i an i as i a s

24.337158
20.644962
14.601444
11.763565
13.050618
24.911894
22.026985
21.946525
16.889860
17.547781
16.736002
15.595345
10.690019
12.117809
10.727438
23.417441
23.340970
19.099901
19.636007

21.440125
20.675813
19.167803
16.199346
15.642352
18.684139
19.075592
15.857506
18.492376
21.768887
17.633081
14.260451
16.572823
20.553171
18.178691
19.361591
23.435445
17.816653
17.722699
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3.3.4 X-ray absorption spectroscopic analysis.

X-ray Near-Edge Structure (XANES) and Extended X-ray Absorption Fine Structure (EX-
AFS) measurements have been carried out at the Energy-Scanning EXAFS beamline (BL-
9) at the Indus-2 Synchrotron Source at Raja Ramanna Centre for Advanced Technology
(RRCAT), Indore, India.™ All the measurements were performed at room temperature. This
beamline operates in the energy range of 4 keV to 25 keV. The beamline optics consist of a
Rh/Pt coated collimating meridional cylindrical mirror and the collimated beam reflected by
the mirror is monochromatized by a Si (111) based double crystal monochromator (DCM).
The second crystal of the DCM is a sagittal cylindrical crystal which is used for horizontal
focusing of the beam while another Rh/Pt coated bendable post mirror facing downward
is used for vertical focusing of the beam at the sample position. Two ionization chambers
(300 mm length each) have been used for data collection in the transmission mode; one ion-
ization chamber for measuring incident flux, the second one for measuring transmitted flux.
For energy calibration, standard metal foils were used. Appropriate gas pressure and gas
mixture have been chosen to achieve 10-20% absorption in the first ionization chamber and
70-90% absorption in the second ionization chamber to obtain a better signal-to-noise ratio.
Pellets were made from powder samples for recording absorption spectra. Sample powder
was mixed homogeneously with cellulose powder in appropriate proportion and pressed (2
Ton) into a 15 mm diameter disc. The amount of the sample was estimated such that to get
a reasonable edge jump at a particular absorption edge of the element to be probed. Spec-
tra were collected at the copper K-edge in transmission mode and were calibrated against
the reference spectrum of metallic copper (8978.9 eV). Data were processed using Demeter
software.” A metallic copper foil standard was used as a reference for energy calibration

and was measured simultaneously with experimental samples.

XANES analysis. The oxidation states of the Cu species within MIL-53(Al)-Cu(OH)
and MIL-53(Al)-Cu after oxidation of methane were determined by the comparison of the
energy of its K-edge positions to that of CuCly. The positions of the Cu K-edge of MIL-
53(Al)-CuCl, MIL-53(Al)-Cu(OH), MIL-53(Al)-Cu after oxidation of methane aligned well
with that of CuCly (8985.3 €V). We, therefore, concluded that Cu ion in MIL-53(Al)-Cu(OH)
and MIL-53(Al)-Cu after oxidation of methane has +2 oxidation state.




3.3 Experimental Section 127

Cu foil

——MIL-53(Al)-Cu after catalysis
—— MIL-53(Al)-CuOH
CucCl,

Normalized XFL(E)

8960 8980 9000 9020

Energy (eV)

Figure 3.17: pu(E) XAS spectra of metallic Cu(0) (grey), CuCl, (green), MIL-53(Al)-Cu(OH)
(blue), MIL-53(Al)-Cu after catalysis (red)

EXAFS fitting using DFT optimized structures. The spectra were calibrated
against the reference spectra and aligned to the first peak in the smoothed first derivative
of the absorption spectrum, the background noise was removed, and the spectra were pro-
cessed to obtain a normalized unit edge step. The fitting parameters of MIL-53(Al)-Cu(OH)
and MIL-53(Al)-Cu after oxidation of methane are summarized in Table 3.5 and Table3.6,

respectively.

I (R)A™3)

¥ 4 |F.T(exp)|

|F.T (fit)l
window

- Real (fit)
w Real (exp)

0 1 2 3 4 5
R(A)

Figure 3.18: (a) EXAFS spectrum and fit of MIL-53(Al)-Cu(OH). (b) DFT-optimized struc-
ture of MIL-53(Al)-Cu(OH).
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Table 3.5:

Summary of EXAFS fitting parameters of MIL-53(Al)-Cu(OH).

Sample MIL(AIl)- |Fitting range k (2-10
Cu(OH) A, R
(1.0-3.8
A)
Independent 10 R-factor 0.008
points
Variables 6 So? 0.71
Reduced chi- [ 179 AE, (eV) 3.11
square
R(Cu-058) (A) |1.88+0.07 [0?(Cu-058) (A?) [0.00440.003
R(Cu-018) (A) [1.91+0.07 [0?(Cu-018) (A?) [0.00440.003
R(Cu-010) (A) [1.95+0.07 [0?(Cu-010) (A?) {0.00440.003
R(Cu-028) (A) [1.95+0.07 |0%(Cu-028) (A?) [0.00440.003
R(Cu-060) (A) [2.4240.09 [0?(Cu-060) (A?) |0.00240.001
R(Cu-H59) (A) [2.3240.09 |0?(Cu-H59) (A?) [0.00240.001
R(Cu-H60) (A) [2.66+0.09 |0?(Cu-H60) (A?) |0.00240.001
R(Cu-H61) (A) 2.66+£0.09 |0?(Cu-H61) (A?) ]0.002+0.001
R(Cu-Al17) (A) |3.140.04 |0?(Cu-Al17) (A?) |0.0140.001
R(Cu-Al32) (A) |3.140.04 |0?(Cu-Al32) (A?) |0.0140.001
R(Cu-C21) (A) [3.31+0.04 |o?(Cu-C21) (A?) |0.01£0.001
R(Cu-C37) (A) [3.3120.04 |0?(Cu-C37) (A?) |0.01£0.001
R(Cu-011) (A) [3.4240.04 |0?(Cu-0O11) (A?) [0.01£0.001
R(Cu-013) (A) [3.42+0.04 |0?(Cu-013) (A?) [0.01£0.001
R(Cu-C23) (A) [3.66+0.04 |o?(Cu-C23) (A?) |0.01£0.001
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I (R)IA3)

y = [FT (expl|
E — |F.T ([fit}]
— window
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Figure 3.19: (a) EXAFS spectrum and fit of MIL-53(Al)-Cu after catalysis. (b) DFT-
optimized structure of MIL-53(Al)-Cu after catalysis.

2 Data

— 95%
— 15%
— 5%

— 20%

I(R)|A™3)

(b)
—— MIL(AI)-Cu {R factor = 0.008}

MIL(AI)-Cu(OH) + 5% CuO {R factor = 0.02}

MIL(AI)-Cu(OH) + 25% CuO {R factor= 0.19}

MIL(AI)-Cu(OH) + 50% CuD {R factor = 0.34}

MIL(AI)-Cu(OH) + 80% CuO {R factor = 0.45}
—

?

<
=3
14
—
=

4 Data

—— 25% MIL{AI}FCu(OH)

MILAI)-Cu {R factor =
—— 95% MIL{AI}Cu(OH) +
—— 75% MIL{AI}Cu(OH) +
—— 50% MIL{AI}Cu(OH) +
+80% Cu nanoparticles {R factor= 0.32)

0.008}
5% Cu ranoparticles {R factor= 0.02}

25% Cu nanoparticles {R factor= 0.09}
50% Cu nanoparticles {R factor= 0.19)

R(A)

Figure 3.20: (a) EXAFS spectrum of MIL-53(Al)-Cu(OH) fitted with 5% CuO and 95%
MIL-53(Al)-Cu(OH) (red); 25% CuO and 75% MIL-53(Al)-Cu(OH) (blue);
50% CuO and 50% MIL-53(Al)-Cu(OH) (green); 80% CuO and 20% MIL-
53(Al)-Cu(OH) (magenta). (b) EXAFS spectrum of MIL-53(Al)-Cu(OH) fitted
with 5% Cu (0) and 95% MIL-53(Al)-Cu(OH) (red); 25% Cu (0) and 75% MIL-
53(Al)-Cu(OH) (blue); 50% Cu (0) and 50% MIL-53(Al)-Cu(OH) (green) and
80% Cu (0) and 20% MIL-53(Al)-Cu(OH) (magenta). The significant misfits
indicate that MIL-53(Al)-Cu(OH) does not contain any Cu dimers/oligomers

or Cu-nanoparticles.
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Table 3.6:

Summary of EXAFS fitting parameters of MIL-53(Al)-Cu after catalysis.
Sample MIL(Al)Cu¥Fitting range k (2-10
OH A, R
(1.0-3.8
A)
Independent 10 R-factor 0.009
points
Variables 6 So? 0.74
Reduced chi- [ 168 AEy, (eV) 1.11
square
R(Cu-058) (A) [1.8840.003 |0?(Cu-058) (A?) |0.00340.001
R(Cu-018) (A)  [1.91+0.003 |0?(Cu-018) (A?) |0.00340.001
R(Cu-010) (A)  [1.95+0.003 |0?(Cu-010) (A?) [0.00340.001
R(Cu-028) (A)  [1.95+0.003 |0?(Cu-028) (A?) |0.00340.001
R(Cu-060) (A) [2.4240.09 [0?(Cu-060) (A?) |0.00240.001
R(Cu-063) (A) [2.4240.09 [0?(Cu-063) (A?) [0.00240.001
R(Cu-H59) (A) [2.3240.09 |0?(Cu-H59) (A?) [0.00240.001
R(Cu-H61) (A) [2.66+0.09 [0?(Cu-H61) (A?) |0.00240.001
R(Cu-H65) (A) [2.66+0.09 |o?(Cu-H65) (A?) [0.00240.001
R(Cu-H64) (A) 2.66+£0.09 |0?(Cu-H64) (A?) ]0.002+0.001
R(Cu-Al17) (A) |3.274£0.06 |0?(Cu-Al17) (A?) [0.0140.004
R(Cu-Al32) (A) |[3.2740.06 |0?(Cu-Al32) (A?) |0.01£0.004
R(Cu-C21) (A) [3.36+0.06 |0?(Cu-C21) (A?) [0.01£0.004
R(Cu-C37) (A) [3.36+0.06 |0?(Cu-C37) (A?) [0.01£0.004
R(Cu-011) (A) |3.44+0.06 [0?(Cu-0O11) (A?) [0.0140.004
R(Cu-013) (A) [3.4440.06 |0?(Cu-013) (A?) [0.01£0.004
R(Cu-C23) (A) [3.7£0.04 [0?(Cu-C23) (A?) [0.01£0.004
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(b)
(a) = Dat
s Data MIL{Al}-Cucatalysis) {R factor = 0,009
MIL(Al)-Culcatalysis) {R factor= 0.009} —— 95% MIL{AI}-Culcatalysis) + 5% Cu nano.fR factor= 013

—— 95% MIL{Al}-Cu(catalysis)+ 5% CuO (R factor = 0.09} —— 75% MIL(AI)}-Cu(catalysis) + 25% Cu nano. {R factor = 0,22}
—— 75% MIL(AI}-Cu(catalysis) + 25% CuO {R factor = 0.12} —— 50% MIL{AI}-Culcatalysis) + 50% Cu nano. [R factor = 0.47}
= 50% MIL{Al}-Cu(catalysis) + 50% Cu0 {R factor = 0.25} —— 20% MIL{Al}-Culcatalysis) + 80% Cu nano. {R factor= 0.5}
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Figure 3.21: (a) EXAFS spectrum of MIL-53(Al)-Cu after catalysis fitted with 5% CuO and 95%
MIL-53(Al)-Cu(OH) (red); 25% CuO and 75% MIL-53(Al)-Cu(OH) (blue); 50% CuO
and 50% MIL-53(Al)-Cu(OH) (green); 80% CuO and 20% MIL-53(Al)-Cu(OH) (ma-
genta). (b) EXAFS spectrum of MIL-53(Al)-Cu after catalysis fitted with 5% Cu
(0) and 95% MIL-53(Al)-Cu(OH) (red); 25% Cu (0) and 75% MIL-53(Al)-Cu(OH)
(blue); 50% Cu (0) and 50% MIL-53(Al)-Cu(OH) (green) and 80% Cu (0) and 20%
MIL-53(Al)-Cu(OH) (magenta). The significant misfits indicate that MIL-53(Al)-

Cu(OH) does not contain any Cu dimers/oligomers or Cu-nanoparticles.
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XPS analaysis of MIL-53(Al)-Cu(OH).

All the binding energies were corrected with reference to the Cls peak at 284.8 eV. MUL-

TIPAK software was used for peak analysis and de-convolution studies.

—s— Data

. Data —Fit —— Al 2py,;
— Cull] Zp,.; —&Jlllg za:ﬂ — A 2Zp,,
— Cull) Zp,; —— P
—F—— Cudpy;
—— Cull) Zp,, — Cufll 2p,,, ; Culdp,,
e T} 2,y =T} 2P, —— Background

Background —Fit
T T T T T T T T T T T = T T T
0 200 400 600 800 1000 965 960 955 950 945 940 935 930 85 80 75 70
Binding Energy (eV) Binding E nergy (eV) Binding Energy (eV)

Figure 3.22: (a) Raw XPS data of MIL-53(Al)-Cu(OH). (b) XPS fitting of copper in MIL-
53(Al)-Cu(OH). (c¢) XPS fitting of aluminium in MIL-53(Al)-Cu(OH).

Table 3.7: XPS fitting parameters for Cu(II) in MIL-53(Al)-Cu(OH) MOF-.

2p 962.96 2.88 344.03 10.69
2p 965.49 0.8 56.86 1.76

Component |Position [FWHM |Area Area%
(eV) (eV)
Cu(IT) 2p 933.13 1.35 745.08 23.46
Cu(II) 2p 934.37 2.48 761.72 23.97
Cu(II) 2p 941.05 1.44 129.14 4.05
Cu(II) 2p 943.00 2.50 255.04 7.05
Cu(II) 2p 944.79 1.35 151.00 4.73
Cu(IT) 2p 952.92 1.80 372.54 11.63
Cu(IT) 2p 954.41 2.64 380.86 11.88
Cu(IT) 2p 961.52 0.35 24.88 0.77
(IT)
(IT)
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Figure 3.23: (a) Raw XPS data of MIL-53(Al)-Cu after catalysis. (b) XPS fitting of copper
in MIL-53(Al)-Cu after catalysis. (c¢) XPS fitting of aluminium in MIL-53(Al)-

Cu after catalysis.

Table 3.8: XPS fitting parameters for Cu(Il) in MIL-53(Al)-Cu MOF recovered after catal-

ysis.
Component |Position [FWHM |Area Area%
(eV) (eV)
Cu(IT) 2p 933.13 1.35 745.08 23.46
Cu(IT) 2p 934.37 2.48 761.72 23.97
Cu(II) 2p 941.05 1.44 129.14 4.05
Cu(II) 2p 943.00 2.50 255.04 7.05
Cu(II) 2p 944.79 1.35 151.00 4.73
Cu(II) 2p 952.92 1.80 372.54 11.63
Cu(IT) 2p 954.41 2.64 380.86 11.88
Cu(IT) 2p 961.52 0.35 24.88 0.77
Cu(IT) 2p 962.96 2.88 344.03 10.69
Cu(IT) 2p 965.49 0.8 56.86 1.76
= Data
——Cu{0) 2p3R
——Cui0) 2p112
Ei?ckground

960 950

940
Binding Energy (eV)

Figure 3.24: XPS fitting of copper in Cu@MIL-53(Al).
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Table 3.9: XPS fitting parameters for Cu(0) in Cu@MIL-53(Al).

Component |Position [FWHM |Area Area%
(eV) (eV)

Cu(0) 2p 932.68 0.7 1263.1 62.74

Cu(0) 2p 952.52 1.6 757 37.26

Table 3.10: Simulated parameters of EPR spectroscopic spin-trapping experiments for MIL-
53(Al)-Cu(OH) catalysed oxidation of methane.?

Adducts g-factor |A"N (G) |A.x (G) |lw
(mT)®
DMPO-CH; |2.01 224 15.9 0.8

2Reaction conditions: 3.8 mg MIL-53(Al)-Cu(OH) (4.0 pmol Cu), 30 bar CHy, 10 bar
Os, 50 uL DMPO, 32 h, 175 °C.

PThe linewidth (lw, in mT) defines the FWHM (full width at half height) of the
absorption Gaussian (first number).
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Figure 3.25: (a) 3C NMR (400 MHz, D,0) spectrum of the reaction mixture obtained
after ¥CH, oxidation by O, using MIL-53(Al)-Cu(OH) as the catalyst. Re-
action conditions: 3.8 mg MIL-53(Al)-Cu(OH) (4.0 pmol Cu), 30 bar *CH,,
10 bar Oy, 32 h, 175 °C. Signal centered at 21.2 ppm, corresponding to the
sp? hybridized carbon and signal centred at 178 ppm corresponds to sp? hy-
bridized carbon in ¥*CH33CO,H, confirms the involvement of CHy-derived car-
bon atoms in the formation of acetic acid. (b) Mass spectra of the obtained
IBCH3CO,H after 13CH, oxidation using O,. (c) Mass spectra of the obtained

CH3COoH after CHy oxidation using O under identical reaction conditions.




Comparison of catalytic activity of MIL-53(Al)-Cu(OH) catalysed oxidation of CHy to CH3CO5H using O with other reported catalysts.

Reference Catalyst Oxidant Condition Temp CH3CO:H CH3CO2H Productivity
(Flow/Total (°C) Selectiv-
pressure) ity
pmol gl mmol mmol pmol
ht molyetal” In()lmetal_1 gcat_l
h—l
This Work MIL-53(Al)-  CHy (30 bar), Oq Batch 175 92 12,418 11,796 3,77,472 3,97,368
Cu(OH) (10 bar)
ACS Catal. 14, Au/24h- CHy4 (20.7 bar), Oz Batch 240 21 12.1
1797-1807 (2024) ZSM5(DR-24) (3.5 bar)
Nat. Commun. 14, PdO/Pd-WO3- CH4 + H50 Flow /Light r.t 91.6 90.7
3047 (2023) 2
CHy (10 bar) + Batch/Light .t 60.2 62.5
H>O
Appl. Catal. B 337, Ag/AgCl-WOy 0.1 bar CH4:Ny Light 25 62.7 188.5
122983 (2023) (1:9), 0.1 bar O
ACS Catal. 13, Au/ZSM- CHy4 (20.7 bar), Og Batch 240 2.5 31.4
7199-7209 (2023) 5+XCT72R (3.5 bar)
J. Am. Chem. Soc. Ce-UiO- CHy (30 bar), Oz Batch 115 96 3,24,324
145, 6156-6165 Cu(OH) (6 bar)
(2023)
Nat. Catal. 5, 45-54 Au-ZSM-5 CHy (20.7 bar), Oz Batch 240 41 45.48 3.79

(2022)

(3.5 bar)

UOT}00G [RIUOWILIOAXS ¢°¢

9¢T1
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3.4 Conclusions

In conclusion, we have developed a highly active single-site and heterogeneous earth-abun-
dant metal catalyst for direct methane oxidation to acetic acid using only Os. The catalyst
displayed outstanding productivity of 3,77,472 mmolcpn,co,n-molc,™ and maintained 95%
liquid selectivity over six consecutive runs without any loss in activity. The catalytic path-
way of MIL-53(Al)-Cu(OH) catalyst differs from that of our previously reported cerium-UiO
MOF node-supported copper(IT)-hydroxyl catalysts, [Ce-UiO-66-Cu(OH)].”™ In the case of
Ce-Ui0-66-Cu(OH) catalyst, the conversion of methane to acetic acid occurs 115 °C through
a non-radical pathway, where the carbonylation of methane with CO forms acetic acid.
This difference in mechanism can be attributed to the distinct reaction temperatures. For
the MIL-53(Al)-Cu(OH) catalyzed transformation of methane to acetic acid, the homolytic
cleavage of the "Cu-CH3" species is likely favored at 175 °C; however, this process does not
occur under the operating conditions of 115 °C used for the Ce-UiO-66-Cu(OH) catalyst.
Spectroscopic analyses and controlled experiments suggested that the direct oxidation of
methane to acetic acid occurs via a catalytic cycle, where methane is first oxidized to ac-
etaldehyde mediated by MIL-53(Al)-Cu(OH), followed by the further thermal oxidation of
acetaldehyde to acetic acid by Og. This research provides valuable insights for the develop-
ment of environmentally friendly heterogeneous catalysts using abundant metals, enabling
the efficient activation and partial C-H methane oxidation into acetic acid under mild and

eco-friendly reaction conditions.
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Abstract

The selective oxidation of methane to liquid oxygenates using molecular oxygen un-
der mild conditions remains a major challenge due to the inertness of methane and
the competing overoxidation reactions. This chapter describes the development of a
dinuclear bipyridyl Fe(II) hydroxyl catalyst confined within the porous MOF-253(Al)
framework, denoted as MOF-253-Fe,, featuring a [(bpy)Fe!! (11o-OH)(OH)], active site.
The catalyst exhibits 100% liquid selectivity toward acetic acid with a productivity of
2,757 mmolcy,co,n molg.! h™' at 160 °C. Detailed spectroscopic studies reveal that
the confinement of the dinuclear Fe centers within the MOF facilitates redox cooper-
ativity and multi-electron transfer, enabling efficient O, activation and methane C-H
bond activation followed by C-C coupling with in situ generated CO to yield acetic
acid. The formation of a [(bpy)Fe!(1o-OH)(OH),], intermediate is proposed as the
key step in the catalytic cycle. These findings highlight the crucial role of binuclear

site design in achieving selective methane-to-acetic acid conversion.

4.1 Introduction

Methane, the primary component of natural gas, represents an abundant yet underutilized
carbon feedstock. Its direct transformation into value-added oxygenates such as methanol,
formaldehyde, or acetic acid under mild conditions remains a long-standing challenge in
catalysis.!™” The high bond dissociation energy of the C-H bond in methane (104 kcal
mol ™) and the thermodynamic tendency toward overoxidation to CO, hinder selective ac-
tivation.® ' Developing catalytic systems that can precisely mediate multielectron redox
transformations and stabilize reaction intermediates is thus crucial for achieving selective

methane functionalization.

In biological systems, diiron enzymes such as methane monooxygenase (MMO) accomplish
the oxidation of methane under ambient conditions via cooperative redox behavior between
two iron centers bridged by hydroxyl groups.!? The development of bimetallic catalysts has
brought significant advances in catalysis, harnessing the combined function of two metal
active centers for the synergistic activation of substrates.'®'® These interactions enhance

redox cooperativity, promote multi-electron transfer processes, and impart improved sta-
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Figure 4.1: Structural Analogy between Methane Monooxygenase and MOF-253(Al)-Fe,
Catalysts.

bility to the catalytic system, which makes bimetallic catalysts particularly appealing for
challenging chemical transformations. Despite significant advances in synthesizing well-de-

16:19:20 gyercoming the challenges associated with

fined homogeneous bimetallic complexes,
heterogeneous bimetallic species such as precise structural characterization, control over
metal spatial arrangement, and comprehensive mechanistic understanding remains a signif-
icant hurdle. As porous and tunable molecular materials, MOFs offer a versatile platform
to synthesize well-defined dinuclear earth-abundant metal species.?!"?* Composed of metal
nodes or secondary building units (SBUs) and organic linkers, MOFs exhibit high poros-
ity, crystallinity, and molecular tunability, enabling precise structural and functional cus-
tomization.?>2® The development of MOF-based artificial enzymes has garnered significant
attention, particularly for applications such as CO, reduction and methane oxidation.?"
By integrating biomimetic design principles, MOFs can mimic enzymatic active sites, fa-
cilitating efficient catalytic processes. MOF-253(Al) is composed of aluminum hydroxide
SBUs and a linear dicarboxylate bipyridyl bridging linker, exhibiting remarkable thermal

30-32

and chemical stability. Its unique architecture features parallel bipyridyl dicarboxylate

linkers that form rhombic channels with an inter-linker distance of approximately 6.6 A

This structural arrangement is particularly well-suited for coordinating dinuclear active
sites, enabling the adaptive coordination of two metal centers through p,-OH groups.?t
The bipyridine-coordinated dinuclear Fe(II) hydroxyl moiety, |(bpy)Fe!(jo-OH)]s, confined
within MOF-253, offers a promising strategy for methane oxidation by mimicking the en-
zymatic mechanisms found in the MMO system. We hypothesize that, similar to the
MMO system, the [(bpy)Fe'(1-OH)], active site will react with Oy to generate a reac-

tive Fe-O-O-Fe!! intermediate, which will initiate methane oxidation by activating the
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methane C-H bond through a radical-mediated pathway. In addition, the hierarchical struc-
ture of MOF-253, along with the confinement of active sites and radical intermediates,
facilitates C-C coupling. Herein, we report the development of MOF-253-confined dinuclear
Fe(II) hydroxyl active species, efficiently catalyzes the oxidation of methane to afford acetic

acid in 100% liquid selectivity (Figure 5.1)

4.2 Results and Discussion

4.2.1 Synthesis and Characterization of MOF-253-Fe,

The solvothermal reaction between AlCl3-6H,O and 2,2’-bipyridine-5,5-dicarboxylic acid
(Habpydc) in dimethyl-formamide (DMF) at 120 °C for 1 d, resulted in the formation
of MOF-253(Al) as a white crystalline solid.3?3 The powder X-ray diffraction (PXRD)
pattern of the freshly prepared MOF is similar to the simulated pattern, confirming the
successful synthesis of MOF-253(Al) (Figure 4.2b). Stirring a slurry of MOF-253(Al) in
tetrahydrofuran (THF) solution of FeCly afforded the corresponding iron-functionalized
MOF (MOF-253-FeCly). Subsequently, the treatment of MOF-253-FeCl, with NaEt;BH fol-
lowed by the reaction with water furnished MOF-253-Fe, (Figure 4.2a). Inductively coupled
plasma-optical emission spectroscopy (ICP-OES) analysis of digested MOF-253-Fe, revealed
an Fe:Al ratio of 0.8, which indicates that 80% of the bipyridine moieties in MOF-253(Al) are
coordinated with Fe ions, leading to a chemical formula of AI(OH)(bpy)(Feos(OH);6). The
PXRD patterns of both MOF-253-FeCl, and MOF-253-Fe, closely match that of the pris-
tine MOF-253(Al), confirming the retention of crystallinity and structure of the MOF during
the post-synthetic modification (Figure 4.2b). Scanning electron microscopy (SEM)-energy-
dispersive X-ray (EDX) mapping showed a homogeneous distribution of Fe and Al ions
throughout the MOF particles (Figure 4.3). MOF-253(Al) and MOF-253-Fe; had a BET
surface area of 1,586 and 540 my /g, respectively (Figure 4.4). The significant reduction in
the surface area of MOF-253-Fe, compared to the pristine MOF-253(Al) is attributed to the
incorporation of Fe(OH), moieties within the pores of the MOF. The X-ray photoelectron
spectroscopy (XPS) analysis of MOF-253-Fey, was fitted with Gaussian (70%)-Lorentzian
(30%) profile with a Shirley background, revealing an Fe oxidation state of +2. The Fe

2p3/2 component was deconvoluted into a pre-peak, surface peak, satellite peak, and three
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Figure 4.2: (a) Synthesis of MOF-253-Fe,. (b) PXRD patterns of simulated MOF-253(Al)

(black), pristine MOF-253(Al) (red), MOF-253-FeCl, (blue), MOF-253-Fe,
(green), and MOF-253-Fey recovered after the first (wine) and fifth (magenta)
run of methane oxidation. (c) Fe 2p XPS spectrum of MOF-253-Fey. (d)
XANES spectra of Fe(0) foil (black), FeCly (brown), Fe(OH); (purple), MOF-
253-Fey (blue), and MOF-253-Fe, after catalysis (red). (e) EXAFS spectra
(blue and black hollow squares) and fits (black and blue solid lines) of 90%
dimeric MOF-253-Fey and 10% monomeric Fe species in R-space at the Fe K-edge
(1.0-3.25 A). (f) DFT-optimized structure of the diiron(IT) core [(bpy)Fe' (1o
OH)(OH)(OH,)], of MOF-253-Fey; bond distances in A. (g) k*-weighted Fe-
EXAFS x(R) spectra of MOF-253-Fe, (black), MOF-253-Fe after catalysis (ma-
genta), MOF-253-Fe (wine), Fe(OH)3 (blue), Fe;O3 (green), and Fe foil (red); &
range: 3-13 A. Optimized reaction conditions: MOF-253-Fe, (4.7 mg, 10.5 pmol
Fe), 20 bar CHy, 8 bar O, 160 °C, 8 mL water, 38 h.

multiplet peaks (Figure 4.2¢), which align with the characteristic features of Fe*" oxidation

state as reported in the literature (Table 4.7).%
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1 um
Figure 4.3: SEM image of MOF-253-Fe; and the FE-SEM-energy dispersive X-ray (EDX)

mapping of the respective particles. Scanning electron microscopy (SEM) images

of the MOF-253-Fe, displayed spherical-shaped particles with diameters ranging
from 160-190 nm. SEM-EDX mapping showed a homogeneous distribution of
Fe and Al throughout the MOF particles.
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Figure 4.4: Nj sorption isotherms of MOF-253(Al) (black) and MOF-253-Fe, (red) measured
at 77 K. BET surface for MOF-253(Al) and MOF-253-Fe, are 1586 m?/g and
540 my /g, respectively.

X-ray absorption near-edge structure (XANES) showed that the Fe pre-edge energy of
MOF-253-Fey appears at 7111.7 €V, which is close to that of FeCly at 7111 ¢V and 2 eV lower
than that of Fe(OH)s (Figure 4.2d), further supporting the +2-oxidation state of Fe ion in
MOF-253-Fe, (Figure 4.2d). Fitting the Extended X-ray absorption fine structure (EXAF'S)
data of MOF-253-Fe, with a DFT-optimized struc-ture revealed that MOF-253-Fe, contains
90% dimeric [(bpy)Fe'(15-OH)(OH)(OHs)|2 species and  10% mono-meric (bpy)Fe!(OH),
species. In the Fe,-dimer active-sites, each Fe?' jon is octahedral coordinated by two
nitrogen atoms of the bipyridine moiety (2.07 A, 2.09 A), one terminal hydroxyl group
(1.96 A), two bridged hydroxyl groups (1.85 A, 1.91 A) and one water molecule (1.94 A)
(Figures 4.2e-f). In the raw phase uncorrected k?-weighted Fe-EXAFS x(R) spectrum of
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MOF-253-Fey, a distinctive scattering feature is evident at 1.43 A, which can be attributed
to Fe-O scattering, similar to what has been observed in Fe,O3 and Fe(OH); (Figure 4.2g).
The feature at 2.6 A arises from the collective contributions from Fe-Fe and C-C scattering

in the second shell (Figure 4.2¢), and Figure 4.18).

The potential existence of Fe(0) nanoparticles or Fe;O3 secondary species within MOF
was excluded by fitting the raw EXAFS data of MOF-253-Fe, with varying percentages
(5-20%) of these species, which resulted in significant misfits (Figure 4.19). Furthermore,
we fitted the raw EXAFS data of MOF-253-Fe, with varying percentages (10-20%) of Al-oxo
SBU-coordinated Fe-hydroxyl species, which resulted in significant misfits, which excludes

the existence of Fe species at MOF’s SBUs (Figure 4.22).3¢

4.2.2 Catalytic Performance of MOF-253-Fe,; in Selective Methane Oxidation

using O,.

The catalytic performance of MOF-253-Fe, for selective partial methane oxidation was inves-
tigated in a high-pressure batch reactor by varying reaction temperature, methane-to-oxy-
gen ratio and the reaction time. After the reaction, liquid products were analyzed by gas
chromatography equipped with a mass spectrometry (GC-MS) and a flame ionization de-
tector (GC-FID) and also confirmed by a high-performance liquid chromatography (HPLC)
equipped with a refractive index detector. Heating an aqueous suspension of MOF-253-Fe,
(10.5 pmol of Fe) under a mixture of CHy (20 bar) and Oy (8 bar) at 120 °C yielded 0.08
mmol of CH3CO,H, 0.06 mmol CO,, and trace CO. Increasing the temperature to 140 °C
raised the acetic acid yield to 0.22 mmol with 76% selectivity. Temperature optimization

revealed that the highest selectivity for acetic acid was obtained at 160 °C.

Under these conditions, methane (20 bar) and oxygen (8 bar) were reacted with an aqueous
suspension of MOF-253-Fe, (10.5 pmol Fe), producing acetic acid as the sole liquid-phase
product (1.1 mmol) with a high selectivity of 93% along with minimal formation of CO, (0.08
mmol) and trace quantities of CO. However, increasing the reaction temperature beyond 160
°C, resulted in a significant decline in acetic acid selectivity. At 200 °C, acetic acid selectivity

dropped sharply to 15%, with an acetic acid yield of 0.3 mmol, accompanied by a substantial
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increase in COy formation (1.7 mmol), due to overoxidation of methane (Figure 3a). Water
was the only effective solvent for acetic acid production. No carbon-containing products were
formed in liquid phase, when the reaction was performed in organic solvents, such as THF,
toluene, heptane or perfluorohexane (Entry 18-21, Table 4.2), which indicates the crucial
role of water in methane to acetic acid transformation. The effect of methane-to-oxygen
ratio was also explored, ranging from 10:1 to 1:1.6, while keeping the total pressure constant
at 28 bar. The optimal ratio of methane to oxygen for acetic acid formation was determined
to be 2.5:1, with methane at a pressure of 20 bar and oxygen at 8 bar, as illustrated in
Figures 3b and 3c. Time evaluation studies conducted at 160 °C under a mixture of 20 bar
methane and 8 bar O showed negligible formation of acetic acid during the initial 6 h of
the reaction. Then, a steady increase in acetic acid concentration was observed between 6
and 38 h, reaching ~1.1 mmol by 38 h. However, prolonged reaction time of more than
38 h led to a decline in acetic acid yield and CO5 becoming the dominant product, due to
the thermodynamically favored overoxidation (Figure 4.5d). However, there was no sign of
catalyst decomposition and linker modification was observed even after 50 h of reaction,
as shown by PXRD, ICP-OES, and NMR analysis of the recovered MOF -253-Fe,. The
optimum conditions for methane-to-acetic-acid transformation involved MOF-253-Fe, (10.5
pumol Fe), 20 bar methane, 8 bar Oz and 8 mL of water at 160 °C for 38 h, yielding 1.1 mmol
of acetic acid (Entry 1, Table 4.2). Under these conditions, MOF-253-Fe, gave an acetic acid
productivity of 2,757 mmolcp,co,x molr. ™ h™t (equivalent to 6,159 ymolcg,co,n Eear ™ ht)
with 100% selectivity in the aqueous phase and an overall selectivity of 93%. The methane
conversion reached 5.8%, and the theoretical methane consumption was calculated to be
2.28 mmol, compared to the experimental methane consumption of 2.29 mmol, resulting in

a carbon balance of 99.5%, indicating no undetected carbon products (Table 4.4).
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Figure 4.5:

(a) Effect of temperature on oxygenated product yields and selectivity of acetic
acid. Reaction conditions: MOF-253-Fe, (10.5 umol Fe), 20 bar CHy, 8 bar O,
8 mL water and 38 h. (b) Effect of Oy pressure on oxygenated product yields
and selectivity of acetic acid. Reaction conditions: MOF-253-Fey (10.5 pmol
Fe), 20 bar CHy, 160 °C, 8 mL water and 38 h, balanced with Ny to maintain
a total pressure of 28 bar. (c) Effect of CH, pressure on oxygenated product
yields and selectivity of acetic acid. Reaction conditions: MOF-253-Fe, (10.5
pmol Fe), 8 bar Oy, 160 °C, 8 mL water and 38 h, balanced with Ny to maintain
a total pressure of 28 bar. (d) Effect of time on oxygenated product yields and
selectivity of acetic acid. Reaction conditions: MOF-253-Fe, (10.5 pmol Fe), 20
bar CHy, 8 bar Oy, 8 mL water and 160 °C. (e) *C NMR (400MHz) spectrum
(top) and mass spectrum (bottom)of the reaction mixture obtained after *CH,
oxidation. (f) Comparison of catalytic activity for the oxidation of CHy over

MOF-253-Fes with other catalysts under identical reaction conditions.
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Importantly, the MOF-253-Fe, catalyst could be reused and recycled for at least four cycles
without any decline in catalytic activity (Figure 4.6). PXRD (Figure 4.5b), and NMR
of the digested MOF recovered after methane oxidation confirmed that the MOF-253-Fey
framework remain structurally and chemically robust during catalysis, with no evidence of
linker functionalization or degradation. ICP-OES analysis after catalysis showed a minimal

leaching of Fe (0.06%) and Al (0.04%) into the supernatant (Table 4.5).

4.2.3 Control Experiments

Several control experiments were carried out to confirm the heterogeneity and single-site
nature of MOF-253-Fe; catalyst in the methane-to-acetic-acid transformation. In the ab-
sence of the MOF catalyst, no acetic acid was detected in the liquid phase during methane
oxidation (Figure 4.5f). Additionally, the production of CH3CO2H stopped once the MOF
was removed from the reaction mixture through hot filtration (Figure 4.12). These findings
indicate that the active catalytic species are embedded within the MOF'. In a separate con-
trol reaction, using 8 bar Oy and 20 bar N, instead of CHy4, conducted at 160 °C in water
for 38 h, no carbon-containing products were formed (Entry 4, Table 4.3). Furthermore,
MOF-253-Fe, catalyzed methane oxidation using isotopically labeled 3CH, produced only
BCH33CO,H, as verified by *C NMR spectroscopy and GC-MS analysis (Figure 4.5¢).
This result further substantiates that CHy is the sole carbon source for CH;CO>H produc-

tion. Similarly, replacing Oy with Ny under the identical reaction conditions did not produce
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CH3CO.H, verifying that Oy acts as the sole oxidant, and that water itself is not an oxidiz-
ing agent, in MOF-253-Fe, catalyzed oxidation of methane to acetic acid conversion (Entry
3, Table 4.2). Interestingly, when air (40 bar) was used instead of pure Oy under identical
conditions, CH3COyH was still formed, albeit at a lower yield of ~0.1 mmol (Entry 27,
Table 4.3). This result demonstrates the potential practical application of the MOF-253-Fe,
catalyst for upcycling methane. Pristine MOF-253(Al) without post-synthetic modification
with Fe(OH),, also failed to produce acetic acid (Figure 4.5f) No acetic acid was formed
when MOF-253-FeCl, or MOF-253-(FeoCly(OH)s)o.5,%° were used as catalysts for methane
oxidation (Figure 4.5f). In addition, we prepared Fe nanoparticles encapsulated within the
DUT-5 MOF; Fe@DUT-5 (Section 4.3.2).36 Methane oxidation using Fe@DUT-5 MOF or
Fe(0) nanoparticles under similar conditions resulted in negligible acetic acid formation,
with formic acid and COy being the major product, ruling out the possibility of in situ
generated Fe nanoparticles being the active species (Figures 4.5f). Attempts to synthesize
the homogeneous monomeric or dimeric 2,2’-bipyridyl-Fe(OH), complex were unsuccessful.
The reaction between (bpy)FeCly3” and NaEt;BH in 1:2.2 molar ratio in THF at room
temperature instantaneously produced sparingly soluble Fe(0) nano-particles, along with
unidentified homogeneous bipyridyl-iron species and Hy (section 4.3.2, Figure 4.13), likely
due to the intermolecular decomposition of the putative (bpy)FeH, intermediate.3® The re-
sultant reaction mixture was inactive in methane oxidation in water. In contrast, the facile
synthesis of the robust [(bpy)Fe'(1-OH)(OH)(OH,)|» species through post-synthetic mod-
ification of the pristine MOF-253 underscores the significance of the active site isolation
within the porous MOF, which prevents intermolecular decomposition pathway.?? Further-
more, testing Fe(OH)3, Fe,O3, and FesO,4 for methane oxidation under the same reaction
conditions at 160 °C, showed negligible CH3CO5H formation, highlighting the importance
of the site-isolated dimeric Fe-hydroxyl species spatially confined within the MOF’s pores

for methane C-H activation.

Under the optimized reaction conditions of MOF-253-Fe, catalyzed methane-to-acetic acid
transformation, the mononuclear catalyst MOF-253-Fe produced only 0.14 mmol of acetic
acid and 0.09 mmol of methanol, with COy (1.21 mmol) as the predominant product (En-
try 16, Table 4.3). This represents an eightfold reduction in catalytic activity for methane
oxidation to acetic acid with MOF-253-Fe compared to the dinuclear catalyst MOF-253-Fes,
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with acetic acid selectivity dropping from 93% to 10%. These results highlight the critical
role of dinuclear active sites in enabling cooperative Oy activation and C-C coupling during

the transformation of methane into acetic acid.

4.2.4 Identification of Reaction Intermediates
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Figure 4.7: (a) Control reactions for the production of CH3CO,H at 160 °C. (b) Fe 2p XPS
spectra of MOF-253-Fe, recovered after catalysis. (¢) DFT-optimized structure
of the diiron(IIT) core of MOF-253-Fe, (INT-4) |(bpy)Fe!!! (115-OH)(OH)s]2. The
bond distances are in A. (d) EXAFS spectra (black and blue hollow squares)
and fits (blue and black solid lines) of MOF-253-Fe, after catalytic methane
oxidation to acetic acid in the R space at the Fe K-edge. The fitting range
in the R space is 1.0-3.25 A. (e) Productivity of acetic acid in the presence of
different radical scavengers. (f) X-band (9.85 GHz) EPR spectroscopic spin-
trapping experiments. EPR spectrum from DMPO spin-trapping experiment of
MOF-253-Fe,-catalyzed methane oxidation by O at room temperature (wine),
uncatalyzed oxidation of methane by O at 160 °C for 38 h (mustard), MOF-
253-Fey-catalyzed methane oxidation by Os at 160 °C for 38 h (black), simulated
DMPO-CHjg (red), simulated DMPO degraded during catalysis (green), simu-
lated DMPO-COCH; (magenta), and simulated DMPO—-OH (blue). Optimized
conditions: MOF-253-Fe, (4.7 mg, 10.5 pumol Fe), 20 bar CHy, 8 bar O, 160 °C,
8 mL H,0O, and 38 h.
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To assess the role of any in situ-generated methanol, ethanol, formic acid, CO, or COs
in the MOF-253-Fey-catalyzed methane-to-acetic-acid transformation, several control ex-
periments were conducted. The results showed that neither ethanol nor methanol produced
CH3CO.H in the reaction with O, (Figure 5a), ruling out acetic acid formation via methanol
or ethanol intermediates. In addition, the reaction of methane with formic acid at 160 °C did
not yield CH3COyH, ruling out its formation via the coupling of formic acid with methane
(Figure 5a). No acetic acid was generated in the reaction between methanol and CO, fur-
ther suggesting that the conversion of methane to acetic acid does not occur via methanol
carbonylation (Figure 5a). The reaction between methane and CO, produced only trace
amounts (0.005 mmol) of acetic acid (Entry 18, Table 4.3). However, the reaction between
methane (20 bar) and CO (1 bar) in the presence of MOF-253-Fe, yielded 0.19 mmol of
CH3CO.H at 160 °C (Figure 5a), but an undetectable amount of CH3COyH at 95 °C (En-
try 41, Table 4.3). Furthermore, the addition of CO to the reaction mixture of methane and
O, at 160 °C increased the production of acetic acid to 1.23 mmol (Figure 5a). A control ex-
periment involving heating methane (20 bar) and Os (8 bar) in the absence of MOF-253-Fe,
at 160 and 95 °C produced 0.026 mmol and no detectable CO, respectively (Entries 2 and 22,
Table 4.2). These experiments indicate that in situ-generated CO likely serves as a reaction
intermediate for the formation of acetic acid at 160 °C. We also conducted time-resolved
gas-phase analysis under the standard catalytic conditions in aqueous media, which revealed
no detectable CO during the initial 6 h, despite the formation of 0.01 mmol of acetic acid. A
control experiment using TEMPO as a -CHs/-OH radical scavenger under identical reaction
conditions showed 0.008 mmol of CO at 6 h (Entry 8, Table 4.3), while no acetic acid was
formed, supporting its transient formation and rapid consumption of CO in the acetic acid
pathway (Section 4.3.2). In contrast, the mononuclear MOF-253-Fe, under identical cat-
alytic conditions at 160 °C with 1 bar of CO, produced only ~1/14" the amount of acetic
acid compared to the dinuclear MOF-253-Fey. This suggests that while the mononuclear
system may have limited capability to promote C—C bond formation, the diiron system

appears more effective in facilitating acetic acid production via the CO-mediated pathway.
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4.2.5 Mechanism Exploration of MOF-253-Fe; Catalyzed Methane to Acetic

Acid Conversion.

The radical-rebound mechanism is commonly proposed for the hydroxylation of methane
by Os to methanol, catalyzed by the diiron active site of the MMO enzyme system, which
functions under ambient conditions in the presence of sacrificial reductants such as NADH
(NAD: nicotinamide adenine dinucleotide) within a finely tuned protein matrix.?® In con-
trast, our MOF-253-Fe, catalyst, which features a [(bpy)Fe™ (us~OH)(OH)(OH,)], active
site supported by the rigid MOF framework, oxidizes methane to acetic acid at elevated
temperature and pressure without the need for any external reductants or cofactors, unlike
the enzymatic system. These sharp contrasts between MMO and MOF-253-Fe, catalysts
indicate that the underlying mechanisms in methane oxidation may fundamentally differ

between these two systems.
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Figure 4.8: (a) IR spectra of freshly prepared MOF-253(Al) (grey), MOF-253-Fe, (red), and
MOF-253-Fe, recovered after catalysis (blue). (b) The peak at 3620 cm™' in
MOF-253-Fey and MOF-253-Fe, recovered after methane oxidation corresponds
to the stretching vibration of terminal Fe-OH, the peak at 3428 cm™! represents
the stretching mode of vibration for bridging po-(OH)Fe-OH-Fe, and the peak
at 3676 cm ™! corresponds to jie-(OH) a1 og a1 within the SBU of the MOFs. 4°

To explore the mechanism of MOF-253-Fe,-catalyzed direct oxidation of methane to acetic
acid, we first analyzed the oxidation state and coordination environment of the Fe center
in the MOF recovered after catalysis at 160 °C. The XPS analysis of the MOF-253-Fe,
recovered after catalysis revealed the existence of Fe3™ species (Figure 4.7b and Table S16).

XANES analysis further confirmed the +3 oxidation state of Fe, with a pre-edge energy
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of 7114 €V, closely aligned with the Fe(OH); pre-edge at 7113 eV (Figure 4.2d). Post-
catalysis EXAFS analysis was best fitted to the DFT-optimized models of ~90% dimeric
[(bpy)Fe!! (115-OH)(OH)y |, species and ~10% monomeric (bpy)Fe!™ (OH); species (Figure 4.7d).
In the recovered MOF-253-Fe,, each Fe3* center adopts an octahedral geometry, coordinated
by two bipyridine, two terminal hydroxyl groups, and two bridging pu,—OH groups (Fig-
ure 4.7¢). In the infrared spectra, the recovered MOF-253-Fe, exhibited two additional peaks
at 3620 cm™! and 3428 cm™' compared to those of MOF-253(Al) (Figure 6.7), which are
attributed to the stretching vibrations of the terminal Fe-OH and bridging pe-(OH)pe on re
groups, respectively. Under identical reaction conditions, this postcatalytic MOF material
exhibited a productivity of 2632 mmolcy,co,n moly, h™!, similar to that of MOF-253-Fey,
which suggests that [(bpy)Fe!(1~OH)(OH)y|s species is likely a catalytic intermediate
in the catalytic cycle of methane-to-acetic-acid transformation (Entry 9, Table 4.3). The
PXRD of the recovered MOF showed no characteristic reflections of Fe nanoparticles at
higher 26 angles, ruling out their presence (Figure 4.2b). The potential existence of Fe(0)
or Fe;O3 secondary species, which might form during the catalytic process, was further ex-
cluded by fitting the raw EXAFS data of MOF-253-Fe, recovered after catalysis with varying
percentages (5-20%) of these species, which resulted in significant misfits (Figure 4.21), rul-
ing out the formation of these nanoparticle-based secondary species during the catalytic

reaction.

The acetic acid productivity of MOF-253-Fe; at 160 °C in water significantly decreased
when NaySO3 or t-butanol, a hydroxyl radical (-OH) scavenger,*4? or 22.6,6- tetram-
ethyl-1-piperidinyloxy (TEMPO) as a -CH3 and -OH radical scavenger, was introduced
into the feed (Figure 4.7¢).%® To confirm the presence of potential radical intermediates
involved in the reaction mechanism, 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was em-
ployed as a radical trapping agent.** The EPR spectrum of the reaction mixture containing
MOF-253-Fes, methane, oxygen, and DMPO at room temperature did not show signals
corresponding to -CHj or -OH radicals (Figure 4.7f). However, the EPR spectrum of the
DMPO-loaded reaction mixture after catalysis at 160 °C displayed signals corresponding
to DMPO-OH, DMPO-CHj3, and DMPO-COCH; radical adducts (Figure 4.7f and Ta-
ble 4.3.2).4445 These findings indicate that -CHs and -OH radicals play a role in the con-

version of CH, to acetic acid. In contrast, no -CHjz or -OH radicals were detected in the
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Figure 4.9: Proposed catalytic cycle of MOF-253-Fes-catalyzed selective methane oxidation

to acetic acid using Os.

reaction mixture without MOF-253-Fe, or in the presence of pristine MOF-253(Al), which
confirms that methane activation occurs solely at the Fe active sites. Additionally, a control
reaction conducted with MOF-253-Fe, and methane at 160 °C in water without Oy did not
produce any -CHj radicals, emphasizing the importance of Oy in the methane activation

process.

Based on the above spectroscopic and control experiments, we propose a catalytic cycle in
which MOF-253-Fe,-catalyzed methane-to-acetic-acid conversion occurs via two intercon-
nected radical-mediated pathways (pathway A and pathway B) (Figure 4.9). In pathway
A, the two Fe(II) centers in MOF-253-Fe, activate Oq to sequentially form [Fe™y(19-0,)]
(INT-1) and [Fe'V(u2-O)]a (INT-2) species.?* Then, hydrogen atom abstraction from two
methane molecules liberates two -CHj radicals and a [Fe!™!(ji5~OH)|, species (INT-4). INT-4
is spectroscopically characterized as discussed above (Figure 4.7b-d). A control experiment
was conducted by heating a mixture of INT-4, Oy, and DMPO at 160 °C, which exhib-
ited EPR signals corresponding to -OH radicals (Figure S15). We propose that INT-4 is
converted to a mixed-valent Fe?™ /Fe3T center (INT-5) by the liberation of an -OH radical
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(possibly due to the synergy of the two Fe centers), which combines with the in situ-gen-
erated CO, leading to the formation of INT-6 (Figure 4.9). XPS analysis of the catalyst
recovered after an early stage of the reaction, conducted for a shorter duration (6 h), con-
firmed the presence of mixed-valent Fe? /Fe®™ species (Figure 4.25). The -CHj radical then
likely reacts with INT-6, leading to the formation of INT-8, which is converted to INT-9
via a migratory insertion. With the synergy of the two Fe centers in INT-9, a rearrange-
ment of the bridging OH to terminal OH may generate a mixed-valent Fe** /Fel™ species
(INT-10), which undergoes reductive elimination of acetic acid, regenerating the Fe?" /Fe?*
species. The remaining -OH radical in pathway A may enter pathway B by reacting di-
rectly with MOF-253-Fe,, forming INT-5 and continuing the catalytic cycle, consuming an
additional -CHj radical, and leading to the formation of a second molecule of acetic acid
(Figure 4.9). Although the transformation of methane to acetic acid involved short-lived
methyl radicals, no ethane formation was detected by GC-FID (Figure 4.27), indicating that
-CH3--CHj3 combination is negligible under the reaction conditions. Although some steps in
the above catalytic cycle are conjectural and require further investigation, such reactions

may be plausible under harsh reaction conditions.

4.2.6 Origin of High Selectivity in Partial Methane Oxidation.

The distinct methane oxidation pathways leading to acetic acid originate from the contrast-
ing reactivity of mononuclear and dinuclear bipyridyl Fe(II) hydroxyl species confined within
the MOF-253(Al) framework. The single-site nature of these Fe catalysts is crucial, as indi-
cated by the lack of acetic acid production when using bulk Fe oxides or Fe nanoparticles. At
~ 160 °C, no acetic acid formation is obseverved with the MOF-253-Fe containing mononu-
clear (bpy)Fe!’(OH); catalyst. In contrast, the dinuclear Fe catalyst (MOF-253-Fey) benefits
from synergistic effects that facilitate multi-electron transfer processes, which are likely es-
sential for acetic acid production. The proximity of two Fe centers enables cooperative
redox behavior, facilitating sequential Oy activation, methane C-H activation, and subse-
quent C-C bond formation with the in situ generated CO. At higher temperatures, increased
in situ CO generation activates the dinuclear Fe catalyst, driving C-C bond formation and
facilitating the acetic acid pathway. However, externally introducing CO at 95 °C gave a

negligible amount of acetic acid (Entry 34, Table 4.3), indicating that both high tempera-
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ture and an active dinuclear Fe center in MOF-253-Fe, are required for efficient C-C bond
formation. While CO is essential for acetic acid production, the dinuclear structure of the
Fe species is crucial in lowering the overall activation energy, facilitating the sequential oxi-
dation steps necessary for its formation. The dinuclear Fe species in MOF-253-Fe, catalyst
stabilize the reactive [(bpy)Fe!V (us-O)(OH)y|y intermediates, enabling controlled methane
C-H activation and C-C coupling within the MOF pores. Our spectroscopic, and experi-
mental analyses thus reveal that the selectivity of acetic acid formation for MOF-253-Fe,,
respectively, stems from various factors such as structure—activity relationship of active sites
and their single-site nature, active-site stabilization via site isolation, confinement of the ac-
tive sites within the well-defined porous environment, MOF’s unique 3D porous structure,

optimum pore sizes, and radical stabilization.

4.3 Experimental Section

4.3.1 Synthesis and Characterization of MOF-253(Al) and MOF-253-Fe?.

Synthesis of MOF-253(Al).

[2,2’-bipyridine|-5,5’-dicarboxylic acid (Habpydc) was synthesised following a reported pro-
cedure.®® 28.2 mg (0.115 mmol) of AlCl3-6H,0 and 26 mg (0.11 mmol) of Hybpydc were
added into 3 mL of N,N-dimethylformamide (DMF) and stirred for 30 minutes. The solution
was transferred to a hydrothermal bomb with a Teflon liner and kept in a preheated oven
at 120 °C for 24 h. After cooling to room temperature, the white solid was collected via
centrifugation and washed several times with DMF. Finally, the resultant white crystalline

solid of MOF-253(Al) was washed and stored in THF and characterized using PXRD.

Synthesis of MOF-253-Fe,.

A 1 mL THF solution of FeCl, (0.01 g, 0.079 mmol) was added to MOF-253(Al) (0.009 g),
and the mixture was stirred overnight at room temperature inside the glovebox. The
MOF-253-FeCl, was obtained as a crystalline solid and washed with THF several times.
Inside the glovebox, NaEt3BH (80 i, 1 M in THF) was added dropwise to the vial contain-
ing a slurry of MOF-253-FeCl, (0.012 g, 0.031 mmol) in 3 mL THF and was kept at room
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temperature for 1 h. The resultant black solid of MOF-253-FeHy was separated via cen-

trifugation and washed several times with THF to remove excess NaEtsBH. MOF-253-FeH,

was taken out of the glovebox and was kept in water for 30 minutes to afford MOF-253-Fes
[MOF-253-Fe(OH),|. MOF-253-Fe, has 80% Fe-loading with respect to the bpy moiety as
analyzed by ICP-OES, giving the formula AlC5Hg ¢N2Og gFegs. TGA analysis showed that

MOF-253-Fe, had 20.2% solvent weight.

(a) 100
—— MOF-253
—— MOF-253-Fe, AR
804{-----° 20.24%
o Ez]a_%:
o |
< 60- |
< \
> ! 82.1%
> |
= 40- .
|
]
] \
\ B
20 : i
—— MOF-253
]
: —— MOF-253-Fe, \
0 = T T 0 T T T T
200 400 600 200 300 400 500 600 700

Temperature (°C)

Temperature (°C)

Figure 4.10: (a) TGA curve of freshly prepared MOF-253(Al) (black) and MOF-253-Fe,

(red).

A solvent weight loss of 22.1% in MOF-253(Al) (black) and 20.2%

in MOF-253-Fe, (red) was observed from 30 °C to 200 °C. (b) TGA curve
of freshly prepared MOF-253(Al) (black) and MOF-253-Fey (red) from 200-
700 °C. The increased weight of MOF-253-Fe, is due to the presence of Fe

within the MOF.

Table 4.1: Determination of defect sites in MOF-253(Al) and MOF-253-Fe; MOF by TGA

analysis.

Sample Condition % Solvent % Linker % Residue
Calculated - 82.2 17.8

MOF-253 TGA 22.1 63.9 14.0
Corrected - 82.1 17.9
Calculated - 67.6 32.4

MOF-253-Fe, TGA 20.2 53.9 25.8

(80% Fe-loading) Corrected — 67.7 32.3

Theoretical calculation:
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(a) For MOF-253(Al):
1 mole of AI(OH)(bpydc) = 0.5 moles Al;O3
286.2 g of AI(OH)(bpydc) = 50.98 g Al,O4
% Residue = 3358 x 100 = 17.8%
% Linker = 100 — 17.8 = 82.2%

(b) For MOF-253-Fe;y (80% Fe-loading):
1 mole Al(OH)(bpydc)[Fe(OH)s]o.s = 1 mole linker bpydc (C12HgN2O4)
358.06 g of AI(OH)(bpydc)|Fe(OH)s]os = 242.18 g linker bpydc
% Linker = 22218 x 100 = 67.6%

% Residue = 100 - 67.6 = 32.4%

The wt% ligand calculated theoretically matches closely with that of the wt% ligand
observed experimentally for MOF-253(Al) and MOF-253-Fe,. This indicates the absence of
any missing-linker defects within MOF-253(Al) and MOF-253-Fe,.

4.3.2 Binuclear MOF-253-Fe, catalysed oxidation of methane to acetic acid

using O,

Standard procedure for MOF-253-Fe, catalyzed oxidation of methane to acetic

acid using O,

MOF-253-Fe,

CH, + O
4 2 H,O, 160 °C

> CH3CO,H

A 1 mL slurry of MOF-253-Fey (4.7 mg, 10.5 pmol Fe) in water was transferred to a glass
liner containing 7 mL of water. The glass liner was then fitted into a high-pressure reactor.
The reactor was sealed and purged with methane twice. It was subsequently pressurized
with 20 bar methane followed by 8 bar oxygen and heated at 160 °C for 38 h without any
mechanical stirring. After the reaction, the reactor was cooled to room temperature, and the
gas phase was analysed directly by GC-TCD. A 1 mL aliquot of the aqueous solution was
transferred to a centrifuge tube and centrifuged for 1 min. Then, 1 mL of the clear solution
was quickly transferred to a GC vial, and 5 pL of ethylene glycol (internal standard) was
added. The sample was analysed by GC-FID/MS to identify the products and determine
their yields in the liquid phase. A 1 uLL sample was injected in GC, and standard calibration
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curves were used for quantification of acetic acid. MOF-253-Fe, (4.7 mg, 10.5 umol Fe)
under 20 bar of CHy and 8 bar of Oy for 38 h at 160 °C yielded 1.1 mmol of acetic acid
(Entry 1, Table 4.2). GC-MS analysis of the reaction mixture confirmed the absence of any

other carbon-containing products in the liquid phase.

Detection and quantification of liquid oxygenates.

GC-MS conditions: The column used was an Agilent DB-WAX column with 30 m length,
0.320 mm internal diameter, and 0.25 ym film. The chromatographic conditions were: flow
rate of helium at 1 mL min~!, injection volume: 1 uL, column oven temperature initially at

45.0 °C and then increased to 230.0 °C at a rate of 5 °C per minute, and detector temperature

of 250 °C.

GC-FID conditions: The column used was an Agilent DB-WAX column with 30 m length,
0.320 mm internal diameter, and 0.25 pm film. The chromatographic conditions were: flow
rate of nitrogen at 1 mL min~!, injection volume of 1 uL, column oven temperature at 40.0 °C
for 4 minutes, followed by a 5 °C/min ramp to 70 °C, then a 35 °C/min ramp to 200 °C,
and a final hold time of 5 minutes (total run time: 19 min). The detector temperature was
250 °C. Products were quantified using a calibration plot of ethylene glycol as the internal

standard.

Detection and quantification of methane and gaseous oxygenates.

GC-TCD conditions: The gas after catalysis was analysed using an Agilent GC (8890)
equipped with a PoraPlot ) column in sequence with a molecular sieves column and a
Thermal Conductivity Detector (TCD). The chromatographic conditions were as follows:
carrier gas: helium, column temperature: 45 °C, TCD temperature: 250 °C, and injection
temperature: 100 °C. Retention times for CO,, CHy, and CO were 4 min, 9.3 min, and
10.75 min, respectively. The methane conversion was calculated by determining the mmol
of methane before and after catalysis using a GC-TCD response factor-based calculation.
For this, a high-pressure reactor containing a glass liner was filled with 8 mL of a mixture

of water and MOF-253-Fe, catalyst, and then purged with methane twice. The reactor was
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pressurized with 20 bar methane followed by 8 bar oxygen. The gas was analysed with
GC-TCD at room temperature (35 °C) before catalysis to quantify the amount of methane
in the feed. After the reaction, the gas from the same reactor was analysed at 35 °C to
quantify the amount of unreacted methane and other gaseous products. At the optimized
reaction condition (Entry 1, Table 4.2), the amount of methane was calculated as 39 mmol
before catalysis and 36.71 mmol after catalysis. Therefore, the loss of methane during the

reaction was 2.29 mmol, corresponding to a methane conversion of approximately 5.8%.

Procedure to quantify methane and other gases within the high-pressure reactor
before and after catalysis. The gas calculations were carried out using a GC-TCD
response factor-based method. After the catalytic reaction, the high-pressure reactor was
cooled to room temperature, and its contents were transferred into a Tedlar bag through an
air-tight connection. A 2.5 mL sample was withdrawn from the bag using an air-tight syringe
and injected into the GC-TCD for analysis, allowing for the calculation of the amounts of
CO, CO,, and CH,. Additionally, 2.5 mL of a standard gas with a known composition of
CO, COq, and CH, was injected separately to determine the response factor ( Ry) of each

gas.

Table 4.2: Optimization of catalytic conditions for MOF-253-Fe; catalyzed oxidation of

methane using O.[?!

Entry No. Temp (°C) P[CH4] P[O;] (bar) CH3CO.H (mmol) [Pl CO/CO,
(bar), Initial (mmol) [l
mmol CH,

1 160 20, 39 8 1.1 0.00014/0.08
2[d] 160 20, 39 8 0 0.026,/0.06

3 160 20, 39 0 0 nd

4 120 20, 39 8 0.08|m| 0.0008,/0.06

5 140 20, 39 8 0.22 0.0006,/0.07

6 180 20, 39 8 0.6 0.01/0.88

7 200 20, 39 8 0.3 0.014/1.7

Continued on next page
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Table 4.2 — continued from previous page
Entry No. Temp (°C) P[CH,] P[O,] (bar) CH3CO,H (mmol) [Pl CO/CO,
(bar), Initial (mmol) [l
mmol CH,4
8 160 20, 39 2 0 nd/0.008
9 160 20, 39 4 0.08 nd/0.02
10 160 20, 39 6 0.4 0.0008,/0.05
11 160 5, 10 8 0.17 0/0.01
12 160 10, 21 8 0.64 0.0006,/0.019
13 160 15, 30 8 0.82 0.0002/0.04
14[e] 160 20, 39 8 0.01 0/0.006
15[f] 160 20, 39 8 0.09 0.0005/0.02
16]g| 160 20, 39 8 0.24 0.0003/0.05
17[h] 160 20, 39 8 0.72 0.002/0.85
18]i] 160 20, 39 8 0 nd
19(j] 160 20, 39 8 0 nd
20(k] 160 20, 39 8 0 nd
211]] 160 20, 39 8 0 nd

2] Standard conditions: 4.7 mg of MOF-253-Fey (10.5 pumol Fe), 8 mL HO, 38 h; Ny balance was

applied to optimize partial pressures of O2 and CHy (Entry 8-13) maintaining total reaction

pressure at 28 bar; nd: not determined.

[Pl Analysed by GC-FID using ethylene glycol as the internal standard.

<l Analysed by GC-TCD.
[l No catalyst was used.
el Reaction time was 6 h.
fl Reaction time was 12 h.

lel Reaction time was 24 h.

[b] Reaction time was 50 h.

[l Toluene was used as the solvent.

il THF was used as the solvent.
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[k Heptane was used as the solvent.

[ Perfluoro hexane was used as the solvent.

[m] Reaction time was 22 h.

Table 4.3: Control experiments for MOF-253-Fe, catalyzed oxidation of methane to acetic

acid.l?l

Entry No. Temp (°C) P[CH4]

(bar), P[O3] (bar) CH3CO2H (mmol) [Pl CO/CO,

Initial mmol (mmol) le]
CH4
1 160 20, 39 1.1 0.00014/0.08

2[d] 160 20, 39 0 0.02/0.04
3le] 160 20, 39 0 0.018/0.04
4[f] 160 0 0 nd

5lg] 160 20, 39 0 nd

6[h] 160 20, 39 0.42 0.0002/0.06

7[i] 160 20, 39 0.51 0.0004,/0.06
8] 160 20, 39 0 0.008/0.016
9[k] 160 20, 39 1.05 0.0021/0.07
10[1] 160 20, 39 0.03 0.001/0.09
11{m)] 160 20, 39 0.017[aj] 0.0014,/0.05
12[n] 160 20, 39 0.01[aj] 0.0017/0.03
13[o] 160 20, 39 0.014[aj] 0.001/0.05
14[p] 160 20, 39 0.019[aj] 0.0016/0.06
15[q] 160 20, 39 0 nd

16[1] 160 20, 39 0.14[ak] 0.0016/1.21
17[s] 160 20, 39 0.19 nd

18]t] 160 20, 39 0.005 nd

19[u] 160 0 0.006 nd
20[v.s] 160 0 0 nd

21[w] 160 0 0 nd

22[x] 160 20, 39 1.08 0.00018,/0.07
23|y] 160 20, 39 1.12 0.0002/0.08
24z 160 20, 39 0 nd
25[aa] 160 20, 39 0.07 0.004,/0.12
26[ab] 160 20, 39 0.04 0.008/0.09
27[ac] 160 20, 39 0.1 nd
28[ad] 160 20, 39 0.24 0.0018/0.05
293 95 20, 39 0.07 nd

30[ai] 160 20, 39 0.23[al] nd/0.28

Continued on next page
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Table 4.3 — continued from previous page

Entry No. Temp (°C) P[CHy] (bar), P[Os] (bar) CH3CO>H (mmol) [Pl CO/CO,

Initial mmol (mmol) ]
CH4
31[s,ae| 160 20, 39 8 0.086[am] 0/0.009
32[s] 95 20, 39 0 0 nd

l2] Standard conditions: 4.7 mg of MOF-253-Fez (10.5 pmol Fe), 8 mL H2O, 38 h; No balance was applied to keep constant

pressure of 28 bar if needed; nd: not determined.

[Pl Analysed by GC-FID using ethylene glycol as the internal standard.
lel Analysed by GC-TCD.

[l MOF-253(Al) was used.

le]l MOF-253-FeCly (10.5 pmol Fe) was used.

[fl Ny was used instead of CHy.

lel Ny was used instead of Os.

[h] NagSOg3 was used as an -OH scavenger.

lil -Butanol was used as an -OH scavenger.

lil Toluene was used as the solvent; reaction time was 6 h.

(k] MOF-253-(Feo (I11)(OH)g)0.5 (10.5 umol Fe) was used as the catalyst.
Il Fe(OH)3 (10.5 pmol Fe) was used as the catalyst.

[m] Fe@DUT-5(Al) (10.5 pmol Fe) was used as the catalyst.

[n] Fe(0) (10.5 pmol Fe) was used as the catalyst.

[°] Fey03 (10.5 pmol Fe) was used as the catalyst.

[Pl Fe304 (10.5 pmol Fe) was used as the catalyst.

lal 5 bar CO was used as the oxidant.

['l MOF-253-Fe [Al(OH)(bpdc)o.9 (bpydc)o.1-Fe(OH)z2] (10.5 pmol Fe) was used as the catalyst.
[ 1 bar CO was used as the oxidant.

(! CO2 (8 bar) was used as an oxidant.

[ul Oxidation of 0.5 mmol of ethanol using 8 bar Os.

[V Oxidation of 0.5 mmol of methanol using 1 bar of CO.

(%l Oxidation of 0.5 mmol of methanol using 8 bar Os.

[x] 0.5 mmol of methanol added to the reaction mixture.

[¥] 0.5 mmol of ethanol added to the reaction mixture.

[zl 1.5 mmol of formic acid was added to the reaction mixture.

[2a] Fe(OH)3/Al203 (10.5 pmol Fe) was used as the catalyst.

[2b] MOF-253-(FeCla(OH)2)0.4 (10.5 pmol Fe) was used as the catalyst.
lacl 40 bar of air used for oxidation instead of pure Og.

ladl TEMPO was used as a -CHs scavenger.

[ael MOF-253-Fe [Al(OH)(bpdc)g.o(bpydc)o.1-Fe(OH)sa] (5.25 pmol Fe) was used as the catalyst.
[2fl 0.38 mmol of methanol was formed.

[ahl .24 mmol of methanol was formed.

[2l bpy-UiO-Fe (10.5 pmol Fe) was used as the catalyst.

[2J] Formic acid was formed as the major product.

lakl 0.091 mmol of methanol was formed as the side product.

[a1l 0.22 mmol of methanol was formed as the side product.

lam] 0,046 mmol of methanol was formed.

Control experiments for MOF-253-Fe; catalysed oxidation of methane.
Reaction conditions: 4.7 mg of MOF-253-Fe, (10.5 pumol Fe), 8 mL HyO, 20 bar Ny, 8 bar
8%?5%( Ife%%i%gngfjatl}f)rgeealt%%eﬁelﬁﬁo}’{ga}%ﬁ%%c%%oeﬁhl%ﬁ'Was followed, replacing methane

with nitrogen. No liquid products were detected (Entry 4, Table 4.3), suggesting CHy as
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Table 4.4: Carbon balance for methane oxidation reaction.

Initial Post- CH, CH;CO:H COq (6f0) Total C
CH, reaction consumed (mmol) (mmol) (mmol) yield
(mmol) CH,4 (mmol) (mmol)
(mmol)
39 36.71 2.29 1.1 0.08 0.00014 2.28
N, o 0y MOF253Fe, _ o oo
(20 bar) (8 bar) H,O
160 °C

the sole carbon source for CH3COsH production in the MOF-253-Fe,-catalyzed methane

oxidation.
Blank reaction without O, under Ns.

CH, + N m No CH;CO,H
(20 bar) (10bar)  HxO
160 °C
Reaction conditions: 4.7 mg of MOF-253-Fe, (10.5 pmol Fe), 8 mL HyO, 20 bar Ny, 8 bar
Og, 38 h. The general procedure mentioned in Section 4.3.2 was followed, replacing methane
with nitrogen. No liquid products were detected (Entry 4, Table 4.3), suggesting CH, as
the sole carbon source for CH3COsH production in the MOF-253-Fe,-catalyzed methane

oxidation.

Reaction of methane in presence of CO using MOF-253-Fe,.

CH, + co _MOF-253-Fe, CHaCOH
(20 bar) (1 bar) H0
160 °C

Reaction conditions: 4.7 mg of MOF-253-Fe, (10.5 pmol Fe), 8 mL HyO, 20 bar CHy,
1 bar CO, 38 h, balanced with Ny to maintain a total pressure of 28 bar. The general
procedure mentioned in Section 4.3.2 was followed, replacing oxygen with carbon monoxide.
In this reaction, 0.19 mmol CH3CO.H (Entry 17, Table 4.3) was formed, which infers that
CO is involved in the MOF-253-Fey-catalyzed methane oxidation to acetic acid.

Reaction of methane in presence of CO- using MOF-253-Fe,.
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CH4 + C02 MOF-253-F62

(20 bar) (8 bar) H>,O
160 °C

> No CH;CO,H

Reaction conditions: 4.7 mg of MOF-253-Fe, (10.5 pmol Fe), 8 mL H,O, 20 bar CHy,
8 bar CO,, 38 h. The general procedure mentioned in Section 4.3.2 was followed, replacing
oxygen with carbon dioxide. In this reaction, negligible CH3COoH (Entry 18, Table 4.3)

was formed, which rules out the formation of acetic acid via methane carboxylation with

CO4 at 160 °C.

Reaction of methanol in presence of CO using MOF-253-Fe,.

CH3OH + CO MOF-253-F62

(0.5 mmol) (1 bar) H20
160 °C

> No CH;CO,H

Reaction conditions: 4.7 mg of MOF-253-Fe; (10.5 pmol Fe), 8 mL H,O, 0.5 mmol
CH30H, 1 bar CO, 38 h, balanced with N, to maintain a total pressure of 28 bar. The
general procedure mentioned in Section 4.3.2 was followed, replacing oxygen with carbon
monoxide and methane with methanol. In this reaction, no CH3CO.H (Entry 20, Table 4.3)
was formed. We thus conclude that MOF-253-Fe,-catalyzed methane oxidation does not

occur via the reaction of in situ generated methanol and CO.

Time-Resolved CO Evolution Studies To understand the role of CO as a possible
intermediate in acetic acid formation, time-resolved gas-phase CO quantification was per-
formed under standard reaction conditions (4.7 mg of MOF-253-Fey (10.5 pmol Fe), 20 bar
CHy, 8 bar Oy, 8 mL H50, 160 °C). In the presence of MOF-253-Fe,, no detectable CO was
observed at 6 h, although 0.01 mmol of acetic acid had already formed. This initially raised

questions regarding the carbon source for acetic acid in the apparent absence of CO.

To further probe this, we conducted a control experiment in toluene as the solvent under
identical conditions. In this case, 0.008 mmol of CO was detected at 6 h, suggesting that

CO can be thermally generated. These findings indicate that under aqueous conditions, CO
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is likely formed transiently and rapidly consumed for acetic acid formation, preventing its

accumulation in the gas phase during the early stages of the reaction.

We therefore propose that CO serves as a reactive intermediate that is continuously
generated and incorporated into the C—C bond formation step, particularly through car-
bonylation of a methyl intermediate. A comparative time-resolved plot (Figure 4.11) shows
the evolution of both CO and acetic acid. At extended time points, CO accumulation is
observed, suggesting a decline in its consumption, possibly due to plateauing acetic acid

formation and subsequent overoxidation.
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Figure 4.11: Time-dependent formation of CO (black) and acetic acid (red) under identical
reaction conditions. Reaction conditions: 4.7 mg of MOF-253-Fe, (10.5 pmol
Fe), 20 bar CHy, 8 bar O,, 8 mL H,0, 160 °C.

Together, these findings support the hypothesis that CO acts as a transient, in situ
intermediate. Its rapid consumption during the early stages of the reaction accounts for
the low gas-phase concentration, while its accumulation at later times reflects a shift in the

reaction dynamics, likely due to the overoxidation of acetic acid into CO and COs.

Test for “heterogeneity of MOF-253-Fe, in methane oxidation to acetic acid.

CH, (20 bar) CHCOH

MOF-253-Fe,
ea — 8 bar O,, H,0, 160 °C 1.1 mmol
CH, MOF-253-Fe, CH,CO,H hot filtration
(20 bar) 8 bar Oy, H,0, 160 °C 1.1 mmol
CHy (20 bar) No further

Supernatant ]
8 bar Oy, H,0, 160 °C  CH3COH formation

Figure 4.12: Hot filtration test of MOF-253-Fe, in methane oxidation to acetic acid.
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The general procedure mentioned in Section 4.3.2 was followed. After 38 h of reaction, the
solid MOF catalyst was removed from the hot reaction mixture by filtration and thoroughly
washed with water. Two reactions were set up separately in two different high-pressure
reactors: one with the extracted solid and the other with the supernatant. The solid and
supernatant were transferred into separate glass liners. Then, 8 mL of water was added to the
glass liner containing the solid MOF. Both glass liners were fitted into two separate reactors,
which were sealed and purged with methane. The reactors were pressurized with 20 bar CHy
and 8 bar Oy, and then heated at 160 °C for 38 h without any mechanical stirring. After the
reaction was completed, the solid MOF catalyst was again removed from the hot reaction
mixture by filtration and thoroughly washed with water. The gas phase was analysed
directly using GC-TCD, and the liquid phase of the reactions was analysed with GC. No
further CH3COsH was produced in the reaction involving just the supernatant, whereas the
reaction containing the solid MOF yielded 1.1 mmol of CH3COsH. This experiment excludes
the potential contribution of any leached Fe species to the catalysis and confirms that solid

MOF-253-Fe, is the actual catalyst for the oxidation of methane.

Recycling of MOF-253-Fe, for oxidation of methane..

CH, (20 bar), O, (8 bar) _

CH, MOF-253-Fe, centrifugation Recycled H,0, 160 °C CH3CO,H

CH3CO,H
(20 bar) O, (8 bar), H,0, 160 °C 32 MOF-253-Fe,

The recycle and reuse experiment was conducted to assess the stability of the MOF
catalyst. The general procedure mentioned in Section 4.3.2 was followed, except that the
recovered MOF catalyst was washed several times with water. It was added to the glass
liner along with 8 mL of HyO. The glass liner was fitted into a high-pressure reactor, which
was then sealed and purged with CH,4 twice. The reactor was pressurized with 20 bar CHy
followed by 8 bar O, and then heated at 160 °C. This procedure was repeated four times,
with very minimal leaching of iron and aluminium (Table 4.5). The MOF retained its crys-
tallinity and stability, as evidenced by the PXRD patterns from the recycling experiments
(Figure 4.2b). The MOF could be recycled and reused at least four times without a drop in
activity, giving a cumulative TON of 448.
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Table 4.5: Productivity of acetic acid (mmolcp,co,n molp, ~* h™1) and the leaching of Fe and

Al in various runs of the recycling of MOF-253-Fe, for the oxidation of methane.

No. of Time Productivity % Leaching
Run (h) (mmolch,co,u molge~! (Al Fe)
h—1)

Run-1 38 2,757 0.04, 0.06

Run-2 38 2,730 0.03, 0.05

Run-3 38 2,741 0.04, 0.03

Run-4 38 2,605 -

Run-5 38 2,354 0.04, 0.05

Comparison of catalytical activity between MOF-253-Fe; and other materials

for oxidation of methane with oxygen.

Fe(OH)3/Al,03 catalyzed oxidation of methane.4®¢ A 2 M NaOH solution in 50 mL
of water was added gradually into a 0.01 M Fe(NO3)3-9H50 solution containing AlyO3, with
constant stirring for 8 h at room temperature, to obtain Fe(OH)3/Al,O3. The Fe(OH)3/Al, O3
powder was calcined in air at 240 °C and 400 °C, respectively, for 2 h to yield clusters made
of Fe and Al oxides. The loading amount of Fe was 12 wt%. Fe/Al,O3 (4.9 mg, 10.5 pmol
of Fe) was transferred into a glass liner containing 8 mL of water. The glass liner was fitted
into a high-pressure reactor, which was then sealed and purged with CH, twice. The reactor
was pressurized with 20 bar CH, followed by 8 bar O,, and then heated at 160 °C. The
results are summarized in Entry 25, Table 4.3; the major product was CO, with a negligible

quantity of CH3COoH.

Fe@DUT-5 catalyzed methane oxidation.*” In a 5 mL round-bottom flask, FeCls-6H,0
(50 mg, 0.18 mmol) was dissolved in ethyl acetate (2 mL), followed by the addition of DUT-5
(100 mg). The mixture was heated at 50 °C for 48 h. The solid was then collected by cen-
trifugation, washed thoroughly, and dried to give DUT-5-FeCl;. NaBH, (10 mg) was added
to 6 mL of deionized water in a round-bottom flask, after which 80 mg of DUT-5-FeCl; was
added. The pH was maintained in the range of 6-8 throughout the addition of NaBH,. The

resulting mixture was stirred for 30 min and then filtered. The collected solid was washed
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thoroughly with deionized water to give a black powder of FeQDUT-5. Finally, Fe@QDUT-5
was activated at 150 °C for 12 h under high vacuum. The Fe content in FeQDUT-5 was
3.2 wt%. Fe@DUT-5 (18.3 mg, 10.5 umol of Fe) was transferred into a glass liner containing
8 mL of water. The glass liner was fitted into a high-pressure reactor, which was then sealed

and purged with CH, twice. The reactor was pressurized with 20 bar CH, followed by 8 bar
O and then heated at 160 °C. Negligible CH3CO5H was observed (Entry 11, Table 4.3).

Fe(0) catalyzed methane oxidation.*® An aqueous solution of 1.6 M NaBH, was
added slowly into a 1.0 M aqueous solution of FeCl3-3H,O with constant stirring at room
temperature to obtain black-coloured Fe(0) nanoparticles. The black solid was then washed
several times with THF and dried. 0.58 mg of Fe nanoparticles (10.5 pumol of Fe) was then
transferred into a glass liner containing 8 mL of water. The glass liner was fitted into a
high-pressure reactor, which was then sealed and purged with CH, twice. The reactor was
pressurized with 20 bar CHy followed by 8 bar Os and then heated at 160 °C for 38 h.
Negligible quantities of CH3COH were observed, whereas HCO,H was observed as the
dominant product (Entry 12, Table 4.3).

Synthesis of MOF-253-(Fe,Cl;(OH)5)p.42* In a 20 mL vial, MOF-253-FeCl, was
dispersed in 5 mL of methanol with vigorous stirring. With an oxygen-inflated balloon,
MOF-253-FeCl, was oxidized to form di-Fe''! centers with po-OH groups. The mixture was
heated at 50 °C for 24 h, and the color of the MOF changed from dark grey to yellow,
suggesting the oxidation of Fe'! to Fe''! and a change in the coordinating environment. The
solid was collected by centrifugation and washed with methanol three times. The obtained
MOF-253-(FeyCly (OH)z)o.4 was dried under vacuum and stored in THF. The general proce-
dure mentioned in Section 4.3.2 was followed, using MOF-253-(Fe;Cly(OH)3)0.4 (10.5 pmol
of Fe). Reaction conditions: MOF-253- (FeoCly(OH)s)p4 (10.5 pmol of Fe), 8 mL H,O,
20 bar CHy, 8 bar O, 160 °C, 38 h. Negligible CH3CO2H (0.04 mmol) was observed (En-
try 26, Table 4.3).

Synthesis of MOF-253-Fe [Al(OH)(bpdc)q(bpy)o.i-Fe(OH);]?* Similar to the
synthesis of MOF-253(Al), 2,2"-bipyridine-5,5'-dicarboxylic acid (Hsbpyde, 2.6 mg, 0.0106 mmol,
0.1 eq.), biphenyl-4,4’-dicarboxylic acid (Hybpdc, 23.1 mg, 0.0954 mmol, 0.9 eq.), and AlCl3
(26 mg, 0.11 mmol, 1 eq.) were added into 3 mL of N,N-dimethylformamide (DMF) and

stirred for 30 min. The solution was transferred to a hydrothermal bomb with a Teflon liner
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and kept in a preheated oven at 120 °C for 24 h. After cooling to room temperature, the
white solid was collected via centrifugation and washed several times with DMF. Finally, the
resultant white crystalline solid of MOF-253(Al)-(bpy)o.; was washed and stored in THF.
MOF-253(Al)-(bpy)o.1 showed the same PXRD pattern as MOF-253(Al). The detailed char-

acterization of the mononuclear MOF-253-Fe is given in next chapter.

The general procedure mentioned in Section 4.3.2 was followed, using MOF-253-Fe
(10.5 pmol of Fe). Reaction conditions: MOF-253-Fe (41.7 mg, 10.5 pumol of Fe), 8 mL H,O,
20 bar CHy, 8 bar O,, 160 °C, 38 h. The methane oxidation reaction with the mononuclear
catalyst MOF-253-Fe gave 0.12 mmol of CH3COsH and 0.08 mmol of CH30H under the
same conditions (Entry 16, Table 4.3), resulting in a 9-fold decrease in the catalytic activity
of MOF-253(Al)-Fe compared to MOF-253-Fey, along with a decline in liquid selectivity
from 100% to 60%. The di-iron system showed much enhanced activity and selectivity over

the mononuclear system under the same catalytic conditions.

Investigation of Fe adsorption at the SBU of MOF-253(Al) using DUT-5(AI)
with biphenyl linkers as a control. To confirm there is no coordination of Fe at the

SBUs, this control experiment was performed.

We conducted a control experiment in which 1 mL of a THF solution of FeCl, (0.01 g,
0.079 mmol) was added to DUT-5 MOF (0.009 g), which contained biphenyl linkers instead of
bipyridyl linkers. The mixture was stirred overnight at room temperature inside a glovebox.
The resulting MOF was washed several times with THF. ICP-OES analysis of the resulting
MOF indicated 2% Fe loading with respect to the p-OH moiety.

Inside the glovebox, NaEt3BH (80 pL, 1 M in THF) was added dropwise to the vial
containing the resulting MOF in 3 mL THF, and the mixture was left at room temperature
for 1 h. The MOF was then separated by centrifugation and washed multiple times with
THEF to remove any excess NaEt3BH. The MOF was then removed from the glovebox and

immersed in water for 30 minutes to yield Fe-adsorbed DUT-5.

A controlled reaction was then performed using the DUT-5 MOF (20 mg) having ad-
sorbed Fe under identical reaction conditions (20 bar CHy, 8 bar O,, 8 mL H,0, 160 °C,
38 h). No carbon-containing products were formed, further supporting the conclusion that

Fe binds to the bipyridyl (bpy) linkers rather than to the alumina SBUs, thereby confirming
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the critical role of Fe-bpy species in catalysis.

Attempt to make homogeneous bpyFe(OH)..

(A) Synthesis of MOF-253-Fe, via postsynthetic modification of MOF-253(Al).

| X

ki N e, N G i)NaEtBH, THF
~N  THF N Y i) H0
. |

W MoF-253(A))
[AI(OH)(bpy)]
(B) Attempt to synthesis homogeneous (bpy)Fe(OH), by similar method.

MOF-253-FeCl, MOF-253-Fe,
[AI(OH)(bpy)Feq 5(OH)1 ¢l

N5 9Fecl,
— =

ethanol

N o NaEt;BH, THF
Fe —_—

N cl

—» Fe(0) + (bpy),Fe(0) + H,
(putative)  (detected
by GC-TCD)

(bpy)FeCl, (bpy)FeH,

Figure 4.13: (A) Synthesis of MOF-253-Fe, via postsynthetic modification of MOF-253(Al).
(B) Attempt to synthesize analogous homogeneous (bpy)Fe(OH), species by a

similar method. .

Initially, we synthesized the (bpy)FeCl, precursor following a reported procedure.®> Sub-
sequent attempts to generate the corresponding (bpy)Fe(OH ), species by reacting (bpy)FeCl,
with NaEt3BH in THF (1:2.2 molar ratio) resulted in instantaneous formation of sparingly
soluble Fe(0) nanoparticles (confirmed by XANES analysis, Figure 4.17), along with uniden-
tified bipyridyl-iron species, and Hy gas (detected by GC-TCD) (Figure 4.13B). These ob-
servations suggest that the putative (bpy)FeHs intermediate undergoes rapid intermolecular
decomposition, thereby preventing formation of the desired (bpy)Fe(OH)s complex in wa-
ter.*® The resultant mixture showed no catalytic activity in methane oxidation in water. In
contrast, the facile synthesis of the robust [(bpy)Fe!!(uo-OH)(OH)(OH,)], species through
post-synthetic modification of the pristine MOF-253 underscores the significance of the ac-
tive site isolation within the porous MOF, which prevents intermolecular decomposition

pathways (Figure 4.13A).

Additionally, the synthesis of mono bipyridyl-Fe(II) complexes in solution requires a
carefully controlled molar ratio of bpy to FeCl, to favor formation of the mono-ligated
species over bis- or tris-substituted complexes such as [Fe(bpy)2Cls| or [Fe(bpy)s|Cly. To

avoid such uncontrolled ligand coordination, or intermolecular deactivation into oligomeric
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species or metal /metal oxide nanoparticles, sterically demanding chelating ligands are often

d.?%5! While steric protection around the metal center can enhance the stability

employe
of the complex and suppress undesirable side reactions, it may also impose limitations on

catalytic activity.

Immobilization of homogeneous catalysts in structurally regular porous solid supports
can provide catalytic site isolation without relying on bulky ligands, thus offering an alter-
native route to obtaining highly active base metal catalysts.?® These challenges underline
a fundamental advantage of using MOFs: active-site isolation within a rigid, porous frame-
work prevents undesired intermolecular interactions, stabilizes reactive intermediates, and
mimics the spatial confinement observed in enzymatic systems. In our system, incorporation
of the Fe site into the MOF backbone avoids oligomerization and bimolecular decomposition

to Fe nanoparticles, thereby enabling stable and selective methane oxidation.

Furthermore, it is well documented that homogeneous bipyridyl-Fe complexes are ther-
mally unstable and tend to decompose under elevated temperatures,® which further limits

their viability in high-temperature catalytic systems such as ours.

Synthesis of bpy-UiO-Fe3® |2,2'-bipyridine|-5,5'-dicarboxylic acid (0.027 g, 0.111 mmol)
and ZrCly (0.026 g, 0.112 mmol) were dissolved in 13 mL. DMF. After sonication for 30 min,
TFA (0.040 mL, 0.523 mmol) was added, and the resultant mixture was heated in a sealed
15 mL glass vial at 100 °C for 4 days in an oven.> The reaction mixture was allowed to cool
to room temperature, and the white crystalline solid was isolated via centrifugation. The
MOF was washed with DMF multiple times, followed by THF, and stored in THF at room

temperature.

A solution of FeCly (0.003 g, 0.024 mmol) in THF was added to the bpy-UiO MOF and
kept overnight with periodic shaking at room temperature inside a glovebox. The purple
solid was centrifuged out of solution and washed 8-10 times with THF to give bpy-UiO-
FeCly MOF. Bpy-UiO-FeCly (ZrgCroHyoN12030Fes 4Clyg) has 40 % Fe-loading with respect
to the bpy moiety as determined by ICP-OES.

NaEt3BH (35 uL, 1 M in toluene) was added dropwise to the vial containing a slurry
of bpy-UiO-FeCly (0.016 g, 0.006 mmol) in 3 mL. THF inside the glovebox and kept at

room temperature for 1 h. The resultant dark green solid bpy-UiO-FeH, was separated via




4.3 Experimental Section 181

centrifugation and washed several times with THF to remove excess NaEtsBH. Bpy-UiO-
FeH, was then taken out of the glovebox and kept in water for 30 min to afford bpy-UiO-
Fe(OH); [bpy-UiO-Fe|.

PXRD characterization confirmed the MOF structure, and other characterization details

for this MOF are given in Chapter 6.

Rhombic channels Octahedral channels

1
1
1
s = res PrRASeY "™ i
Parallel bipyridyl g Non-parallel bipyridyl
linkers Boi/ PV ' o Y linkers
= |
Dinuclear Fe B, | i Only mononuclear Fe
species possible . i species possible
1

MOF-253(Al)

Figure 4.14: Comparison of structural features of MOF-253(Al) (rhombic) and bpy-UiO
(octahedral).

To validate the presence of mononuclear Fe species in MOF-253-Fe, we compared its
catalytic activity with bpy-UiO-Fe, which is known to contain 100% monomeric species due
to its non-parallel linkers in the UiO topology. Both catalysts were tested under identical
conditions for methane oxidation. At 160 °C, both mononuclear catalysts, MOF-253-Fe
and bpy-UiO-Fe, exhibited low selectivity for acetic acid, of 10% and 32%, respectively. In
contrast, the dinuclear MOF-253-Fey achieved a significantly higher acetic acid selectivity
of 93%, with a corresponding yield of 1.1 mmol (Table 4.3.2).

Catalyst mmol of products % Overall Selectivity

CH3;0H CH3;CO:H CO/CO; CH3;0H CH3COH

MOF-253-Fes - 1.1 0.00014/0.08 - 93
MOF-253-Fe 0.091 0.14 0.0016/1.21 6 10
bpy-UiO-Fe 0.22 0.23 0.0007/0.28 30 32

[l Reaction conditions: catalyst (10.5 pmol Fe), 20 bar CHy, 8 bar Oz, 160 °C, 8 mL water, 38 h.

These observations confirm that MOF-253-Fe contains mononuclear Fe sites, as the se-

lectivity of MOF-253-Fe for acetic acid at 160 °C is similar to that of bpy-UiO-Fe, but
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markedly different from the dinuclear MOF-253-Fe,. This further supports the conclusion
that both catalysts (MOF-253-Fe and bpy-UiO-Fe) possess similar monomeric Fe sites, re-
inforcing that the differences in catalytic activity and selectivity arise from distinct active

site structures rather than differences in active site density.

Radical Scavenging experiment with MOF-253-Fe, catalyst.

Radical scavenging experiment with Na,SOj3. To investigate any role of -OH in MOF-
253-Fe, catalysed methane-to-acetic acid conversion, the catalysis was performed in the
presence of known -OH radical scavengers such as NaySO3 or t-butanol, and the catalytic
activity and selectivity were compared to reactions conducted in the absence of radical

scavengers.

Reaction conditions: 4.7 mg of MOF-253-Fe, (10.5 pmol Fe), 8 mL HyO, 20 bar CHy,
8 bar O, 38 h, NaySO3 (250 mg, 1.98 mmol). The general procedure mentioned in Sec-
tion 4.3.2 was followed, with NaySO3 added to study its effect on the catalytic reaction. The
yield of acetic acid, determined by GC using ethylene glycol as the internal standard, was
0.42 mmol, significantly lower than that obtained without scavenger under identical reaction
conditions (Entry 6, Table 4.3), illustrating that -OH radicals are involved in the reaction
mechanism. Similarly, the use of t-butanol as a scavenger resulted in an acetic acid yield of
0.51 mmol (Entry 7, Table 4.3), further supporting the role of -OH radicals in the catalytic

cycle.

Radical scavenging experiment with TEMPO. To investigate any role of -CHj3 in
MOF-253-Fes catalysed methane-to-acetic acid conversion, the catalysis was performed in
the presence of a known -CHj and -OH radical scavenger such as TEMPO, and the catalytic
activity and selectivity were compared to reactions conducted in the absence of radical

scavengers.

Reaction conditions: 4.7 mg of MOF-253-Fe, (10.5 pmol Fe), 8 mL H,O, 20 bar CHy,
8 bar Oy, 38 h, TEMPO (179.7 mg, 1.15 mmol). The general procedure mentioned in
Section 4.3.2 was followed, with TEMPO added to study its effect on the catalytic reaction.
The yield of acetic acid, determined by GC using ethylene glycol as the internal standard, was

0.24 mmol, significantly lower than that obtained without scavenger under identical reaction
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conditions (Entry 28, Table 4.3), illustrating that -CHjz and -OH radicals are involved in the

reaction mechanism.

Table 4.6: Simulated parameters of EPR spectroscopic spin-trapping experiments for MOF-

253-Fey catalysed oxidation of methane.?

Adducts g-factor Ay (G) A H (G) Iw (mT)P
DMPO-CHs 2.01 15.7 22.5 0.12
DMPO-OH 2.01 15.2 14.7 0.08
DMPO-COCH3 2.01 15.28 19.7 0.27
DMPO-degraded 2.01 15.55 - 0.13

@ Reaction conditions: 4.7 mg MOF-253-Fe, (10.5 pumol Fe), 20 bar CHy, 8 bar Oq, 50 uL. DMPO, 38 h,
160 °C.
b The linewidth (Iw, in mT) defines the FWHM (full width at half height) of the absorption Gaussian.

(a) (b)
CH, + O, + MOF-253-Fe, (175 °C, hexane)

CH, + N, + MOF-253-Fe, (water, 160 °C) CH, * O, + MOF-253-Fe, (160 °C, toluene)

memwwvwwwﬁfw

CH, + O, + MOF-253-Fe, (160 °C, THF)
MW'/\—/\/\'/\A\,W«-\/\N»

T T T T T
3450 3475 3500 3525 3550 3450 3475 3500 3525 3550
Magnetic Field (Gauss) Magnetic Field (Gauss)

Figure 4.15: (a) X-band (9.85 GHz) EPR spectroscopic spin-trapping experiments. EPR
spectrum from DMPO spin-trapping experiment of MOF-253-Fe, catalyzed
methane oxidation by water at 160 °C for 38 h (black). Reaction conditions:
MOF-253-Fe, (4.7 mg, 10.5 pmol Fe), 20 bar CHy, 8 bar Ny, 160 °C, 8 mL
water, 38 h. (b) X-band (9.85 GHz) EPR spectroscopic spin-trapping experi-
ments. EPR spectrum from DMPO spin-trapping experiment of MOF-253-Fe,
catalyzed methane oxidation by Oy at 160 °C for 38 h in toluene (red), in hex-
ane (blue), in THF (black).




4.3 Experimental Section 184

4.3.3 DFT structure Optimization

All density functional theory (DFT) calculations were carried out using Gaussian 16.5° Ge-

1,5657 in combina-

ometry optimizations were performed using the hybrid BSLYP functiona
tion with the def2-SVP basis set®® and Grimme’s D3 dispersion correction.? Solvent effects
were included using the polarizable continuum model (PCM) with the integral equation
formalism variant (IEFPCM), employing water as the solvent at 303.15 K. All optimized

structures were visualized using GaussView 5.0.

MOF-253-Fe, INT-4
Figure 4.16: DFT-optimized structures of MOF-253-Fe,y, INT-4 [MOF-253-(Fes(OH)g)o.5]
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Cartesian coordinates of the DFT-optimized structures.
MOF-253-Fe; 30 H 0.942460 4.749972 1.469430
Coordinates (A) 31 H -0.750615 9.346971 0.910305

S.No. Atom X Y Z 32 H 1.718707 8.975193 0.826340

1C -3.689446 -0.719905 0.452731 33 C -2.653690 7.310677 1.311749

2 C -2.313288 -0.928480 0.405737 34 C -3.433749 8.465838 1.162878

3 C -1.461285 0.165428 0.199090 35 C -4.821335 8.367294 1.241037

4 C -3.287226 1.627130 0.091283 36 H -2.958004 9.430168 0.982197

5 C -4.182421 0.584350 0.295358 37 C -4.570022 6.004957 1.605113

6 H -4.369717 -1.558670 0.613473 38 C -5.401608 7.110039 1.461553

7T H -1.900341 -1.930008 0.530074 39 H -5.444431 9.256341 1.125178

8 H -3.594164 2.666294 -0.032364 40 H -4.963661 4.999551 1.769661

9 C 0.002382 0.106323 0.127220 41 N -3.228688 6.096477 1.545207

10 C 0.782593 -1.048635 0.276803 42 N -0.696517 5.989997 1.405393

11 C 1.918527 1.412066 -0.167237 43 O -2.960290 3.603963 2.886742

12 C 2.170159 -0.950004 0.198397 44 H -3.784184 3.987141 3.219101

13 H 0.306973 -2.012887 0.458231 45 O 0.308823 3.812915 -1.448712

14 C 2.750244 0.307169 -0.023068 46 H 1.132612 3.429715 -1.781301

15 H 2.312041 2.417409 -0.332441 47 H -5.253247 0.792344 0.336484

16 H 2.793363 -1.838903 0.314800 48 H -6.484397 6.986124 1.518125

17 N 0.577190 1.320460 -0.107102 49 H 2.601770 6.623808 1.101516

18 H -1.955054 1.426606 0.032672 50 H 3.833011 0.431182 -0.079885

19 Fe -0.644945 2.810771 -0.218373

20 Fe -2.006585 4.605981 1.656219 INT-4

21 O -0.651133 3.162206 1.707154 Coordinates (Angstroms)

22 O -2.000740 4.254163 -0.269167  S.No. Atom X Y 7Z

23 H -1.065063 2.462164 2.234781 1C -3.903633 -0.595409 -0.077361

24 H -1.588296 4.954673 -0.797312 2 C -2.561118 -0.892009 0.159193

25 C 0.635635 5.789244 1.346466 3 C -1.619836 0.144910 0.110025

26 C -1.190035 7.251392 1.239851 4 C _3.981830 1.707600 -0.367280

271 C -0.337833 8.345278 1.033880 5 C -4.271045 0.724453 -0.356299

28 C 1.038270 8.136466 0.986567 6 H -4.653501 -1.388978 -0.050378

29 C 1.530990 6.831980 1.142960 7 H 22950175 -1.916214 0.364843
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

H -3.492220
C -0.162701
C 0.463190
C  1.900720
C  1.854757
H -0.126325
C  2.588449
H 2.374186
H  2.359997
N 0.566256
N -1.996603
Fe -0.488656
Fe -1.855994
O -0.560153
O -1.672495
H 0.304881
H -1.383083
C  0.656913
C -1.342271
C -0.663281
C  0.729450
C 1.399374
H 1.106193
H -1.209018
H 1.281608
C -2.811074
C -3.722146
C -5.088432
C -3.371000
C -4.547529
C -5.510012
H -5.815189
H -4.790310
N -3.236901
N -0.675384

2.762295 -0.541970
-0.035604 0.279583
-1.248267 0.594535
1.056215 0.166318
-1.287387 0.693778
-2.149886 0.760507
-0.117667 0.471820
2.022452 -0.028968
-2.223929 0.939391
1.087143 0.080178
1.420406 -0.135789
2.721004 -0.254358
4.556631 1.681308
3.064200 1.680543
4.220256 -0.219111
3.384991 1.971004
4.987604 -0.733082
6.204963 1.189718
7.394265 1.351189
8.617750 1.316421
8.610574 1.225939
7.387588 1.151809
5.216340 1.034330
9.559856 1.362426
9.552565 1.204252
7.250018 1.427501
8.311295 1.369498
8.033625 1.415741
9.339041 1.280239
5.698555 1.577313
6.705174 1.518329
8.847224 1.368960
4.638469 1.671377
5.970633 1.534122
6.220273 1.302074

43
44
45
46
47

49
50
51
52
53
o4

O -1.405945
H -1.502655
O 1.141778
H 1.039928
O -0.461862
H 0.451799
O -3.116064
H -2.606370
-5.309691
-6.569325
2.485830
3.677969

4.882164
0.825325
3.752610
4.421770
2.473691
2.705692
3.281113
2.467161
0.994702
6.446204
7.342146
-0.110783

3.423963
3.624061
-0.375570
-1.067193
-2.092471
-2.320887
2.005647
2.132640
-0.554150
1.554713
1.057786
0.535186
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4.3.4 X-ray absorption spectroscopic analysis.

X-ray Near-Edge Structure (XANES) and Extended X-ray Absorption Fine Structure (EXAFS)
measurements were carried out at the Energy-Scanning EXAFS beamline (BL-9) at the Indus-2
Synchrotron Source, Raja Ramanna Centre for Advanced Technology (RRCAT), Indore, India.%"
All measurements were performed at room temperature. This beamline operates in the energy range
of 4 keV to 25 keV. The beamline optics consist of a Rh/Pt-coated collimating meridional cylindrical
mirror, and the collimated beam reflected by the mirror is monochromatized by a Si(111)-based
double crystal monochromator (DCM). The second crystal of the DCM is a sagittal cylindrical
crystal used for horizontal focusing of the beam, while another Rh/Pt-coated bendable post mir-
ror facing downward is employed for vertical focusing of the beam at the sample position. Two
ionization chambers (300 mm length each) were used for data collection in transmission mode; one
ionization chamber measured the incident flux, and the second measured the transmitted flux. For
energy calibration, standard metal foils were used. Appropriate gas pressure and gas mixture were
selected to achieve 10-20% absorption in the first ionization chamber and 70-90% absorption in
the second ionization chamber to obtain a better signal-to-noise ratio. Pellets were prepared from
powder samples for recording absorption spectra. The sample powder was homogeneously mixed
with cellulose powder in appropriate proportions and pressed (2 Ton) into a 15 mm diameter disc.
The sample amount was optimized to achieve a reasonable edge jump at the specific absorption
edge of the element being probed. Spectra were collected at the Fe K-edge in transmission mode
and calibrated against the reference spectrum of metallic Fe (7112 e¢V). Data were processed using
DEMETER software.®! A metallic Fe foil standard was used as a reference for energy calibration

and was measured simultaneously with experimental samples.

XANES Analysis

The oxidation states of the Fe species within MOF-253-Fey, and MOF-253-Fey recovered after the
oxidation of methane were determined by comparing the energies of their pre-edge positions to

those of FeCly and Fe(OH)s.
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Figure 4.17: pu(E) XAS spectra of metallic Fe(0) (black), Fe(OH)s (green), FeCly (purple),
and MOF-253-Fe, (red). The oxidation states of the Fe species within MOF-
253-Fe, was determined by comparing the energy of their pre-edge positions to
those of Fe(OH); and FeCly. The positions of the Fe pre-edge of MOF-253-Fe,
(7111.7 eV) aligned well with that of FeCly (7111.0 eV), and are approximately
2 eV lower than that of Fe(OH); (7113.0 eV). Therefore, we conclude that the
Fe ions in MOF-253-Fe, is in the +2 oxidation state.

EXAFS fitting using DFT optimized structures.

The spectra were calibrated against the reference spectra and aligned to the first peak in the
smoothed first derivative of the absorption spectrum, the background noise was removed, and the

spectra were processed to obtain a normalized unit edge step.
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Figure 4.18: (a) EXAFS spectrum and fit of a combination of (90%) dimeric MOF-253-Fe,
and (10%) monomeric Fe sites in the R space at the Fe K-edge. The fitting
range in the R space is 1.0-3.25 A. EXAFS fitting indicates that MOF-253-
Fe, contains ~90% dimeric [(bpy)Fe!’ (1,-OH)(OH)(OH,)], species and ~10%
monomeric (bpy)Fe!!(OH) species. (b) DFT-optimized structure of MOF-253-

F62 .
(a) o Data (b) o Data
MOF-253-Fe, (R=0.014) MOF-253-Fe, (R=0.014)
—— 95% MOF-253-Fe, + 5% Fe(0) (R = 0.22) 95% MOF-253-Fe, + 5% Fe,0, (R = 0.02)
90% MOF-253-Fe, + 10% Fe(0) (R = 0.34) —— 90% MOF-253-Fe, + 10% Fe,0, (R = 0.03)
—— 80% MOF-253-Fe, + 20% Fe(0) (R = 0.55) 80% MOF-253-Fe, + 20% Fe,0; (R = 0.07)
o &
< <
o —
3 x
= =
- T T T T T T
0 4 0 4

A A) R (A)
Figure 4.19: (a) EXAFS spectra of MOF-253-Fe, fitted with combined models of Fe(0) and
MOF-253-Fe,. (b) EXAFS spectra of MOF-253-Fe, fitted with combined mod-
els of Fe;O3 and MOF-253-Fey. The significant misfits indicate that MOF-253-

Fes does not contain any Fe nanoparticles or Fe,Os.
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Figure 4.20: (a) EXAFS spectrum and fit of MOF-253(Al)-Fe, recovered after catalysis. EX-
AFS fitting indicates that MOF-253-Fe, after catalysis contains ~90% dimeric
[(bpy)Fe! (1,-OH)(OH)y|»  species and ~10% monomeric (bpy)Fe™(OH);
species. (b) DFT-optimized structure of MOF-253(Al)-Fe, after catalysis (INT-
4).

(a) o Data (b) [ o Data
INT-3 (R=0.018) = INT-3 (R=0.018)
95% INT-4 + 5% Fe(0) (R = 0.04) 95% INT-4 + 5% Fe,0, (R = 0.022)
——90% INT-4 + 10% Fe(0) (R = 0.07) 90% INT-4 + 10% Fe, 0, (R = 0.053)
— 80% INT-4 + 20% Fe(0) (R = 0.20) ——80% INT-4 + 20% Fe,0; (R = 0.12)
< =
3 3
= =

Figure 4.21:

(a) EXAFS spectra of MOF-253-Fe, recovered after catalysis fitted with com-
bined models of Fe(0) and INT-4. (b) EXAFS spectra of MOF-253-Fe, after
catalysis fitted with combined models of Fe,O3 and INT-4. The significant
misfits indicate that MOF-253-Fe, recovered after methane oxidation does not

contain any Fe nanoparticles or Fe,Os.
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Figure 4.22: (a) EXAFS spectra of MOF-253-Fe, fitted with combined models of Fe sup-
ported on SBUs and linker of MOF-253-Fey. DFT-optimized structure of (b)
MOF-253-Fe, [(bpy)Fe™ (uy-OH)(OH)(OHy)],. (c) Fe'(OH) species on SBU of
MOF-253(Al). The significant misfits and higher R values indicate that MOF-
253-Fes does not contain any Fe supported on SBU.
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XPS analysis.

All the binding energies were corrected with reference to the Cls peak at 284.8 eV. MULTIPAK

software was used for peak analysis and de-convolution studies.

(a) (b)

C1s

Fe 2p

Al 3p

200 400 600 800 735 730 725 720 715 710 705 82 80 78 76 74 72 70 68 66
Binding Energy (eV) Binding energy (eV) Binding Energy (eV)

Figure 4.23: (a) Raw XPS data of MOF-253-Fe,. (b) XPS fitting of Fe in MOF-253-Fe,.
(c) XPS fitting of aluminium in MOF-253-Fe,.

Table 4.7: XPS fitting parameters for Fe(II) in MOF-253-Fe, MOF.

Component |Position |[FWHM |Area% Lineshape
(V)  |(eV)
Fe(II) 2p 708.39 1.5 10.46 GL(30)
Fe(II) 2p 709.54 1.2 16.73 GL(30)
Fe(II) 2p 710.60 1.6 9.44 GL(30)
Fe(II) 2p 711.88 2.7 12.17 GL(30)
Fe(II) 2p 715.67 5.3 18.07 GL(30)
Fe(II) 2p 721.93 1.7 5.80 GL(30)
Fe(II) 2p 722.93 1.8 9.38 GL(30)
Fe(IT) 2p 724.73 1.7 5.00 GL(30)
Fe(IT) 2p 727.08 2.85 6.82 GL(30)
Fe(II) 2p 730.33 5.00 6.15 GL(30)
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Figure 4.24: (a) Raw XPS data of MOF-253-Fe; recovered after catalysis. (b) XPS fitting
of Fe in MOF-253-Fe, recovered after catalysis. (c¢) XPS fitting of aluminium
in MOF-253-Fe, recovered after catalysis.

Table 4.8: XPS fitting parameters for Fe(IlI) in MOF-253-Fe; MOF.

Component |Position [FWHM |Area% Lineshape
(V)  |(eV)
Fe(I1I) 2p 708.11 1.3 1.36 GL(30)
Fe(I1I) 2p 709.71 1.5 10.03 GL(30)
Fe(I1I) 2p 710.65 1.6 11.42 GL(30)
Fe(I1T) 2p 711.67 1.6 11.07 GL(30)
Fe(IIT) 2p 712.95 1.7 7.18 GL(30)
Fe(I1I) 2p 714.24 2.9 6.47 GL(30)
Fe(III) 2p 718.82 4.3 18.57 GL(30)
Fe(I1I) 2p 723.20 1.7 5.96 GL(30)
Fe(I1I) 2p 723.71 1.7 491 GL(30)
Fe(I1I) 2p 724.90 1.6 5.94 GL(30)
Fe(I1I) 2p 726.16 1.8 4.33 GL(30)
Fe(I1I) 2p 727.69 2.1 7.28 GL(30)
Fe(I1T) 2p 732.49 4.3 5.48 GL(30)




4.3 Experimental Section 194

Data
—— Fit
—— Fe'" components
—— Fe" components
—— Fe'/Fe" components

Background

T T T T T
735 730 725 720 715 710 705

Binding energy(eV)
Figure 4.25: XPS analysis of Fe in MOF-253-Fe; sampled during the reaction. It reveals the

presence of a mixed-valent state, with Fe existing as both Fe?* and Fe?*.

Table 4.9: XPS fitting parameters for Fe(Il) and Fe(III) in MOF-253-Fey sampled during

the reaction.

Component Position |[FWHM |Area% Lineshape
(eV) (eV)
Fe(II) 2p 708.1 1.2 7.40 GL(30)
Fe(II) 2p 709.1 1.2 8.99 GL(30)
Fe(II) 2p 710.2 1.1 5.11 GL(30)
Fe(III) 2p 709.7 1.1 7.78 GL(30)
Fe(I1T) 2p 711.1 1.4 9.59 GL(30)
Fe(I1T) 2p 712.2 1.4 7.68 GL(30)
Fe(IIT) 2p 713.5 1.4 4.36 GL(30)
Fe(III) /Fe(IT) 2p | 717.8 4.3 14.25 GL(30)
Fe(II) 2p 721.40 1.3 291 GL(30)
Fe(II) 2p 722.43 1.2 4.58 GL(30)
Fe(III) 2p 723.71 1.2 3.54 GL(30)
Fe(III) 2p 723.11 1.2 3.22 GL(30)
Fe(I1T) 2p 724.66 1.3 3.64 GL(30)
Fe(I1T) 2p 725.64 1.4 2.42 GL(30)
Fe(IIT) 2p 726.63 1.7 2.95 GL(30)
Fe(IIT) /Fe(IT) 2p | 730.26 5.2 11.61 GL(30)
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Figure 4.26: XPS fitting of Fe in MOF-253-Fe; recovered from the reaction of MOF-253-Fe,
with Os. Reaction conditions: MOF-253-Fey, 8 bar of Og, 20 bar Ny, 8 mL
water, 160 °C, 38 h.

Table 4.10: XPS fitting parameters for Fe(III) in MOF-253-Fe; MOF recovered after reac-
tion with O,.

Component Position |[FWHM |Area% Lineshape
(V)  |(eV)
Fe(III) 2p3/2 708.23 2.5 1.75 GL(30)
Fe(III) 2p3/2 709.52 1.6 17.35 GL(30)
Fe(III) 2p3/2 710.65 1.6 13.66 GL(30)
Fe(III) 2p3/2 711.77 1.6 9.08 GL(30)
Fe(III) 2p3/2 713.12 1.7 7.07 GL(30)
Fe(III) 2p3/2 715.17 2.5 3.27 GL(30)
Fe(I1T) 2p3/2 719.43 6.2 17.35 GL(30)
Fe(I1T) 2p1/2 722.94 1.8 6.55 GL(30)
Fe(III) 2p1/2 724.09 1.9 6.13 GL(30)
Fe(III) 2p1/2 725.09 1.8 4.55 GL(30)
Fe(III) 2p1/2 726.89 1.8 2.35 GL(30)
Fe(III) 2p1/2 728.67 2.5 2.94 GL(30)
Fe(III) 2p1/2 731.99 4.8 3.27 GL(30)
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Figure 4.27: GC-FID spectrum of the gas-phase sample collected after MOF-253-Fe,-
catalyzed methane oxidation to acetic acid (top). GC-FID spectrum of a stan-
dard gaseous mixture used for peak identification and retention time compar-
ison (bottom). No detectable ethane or other hydrocarbon by-products were

observed in the gas-phase sample (top).




Table 4.11: Comparison of catalytic activity of MOF-253-Fe, catalysed oxidation of CHy to CH3COsH using Oy with other reported

Uo1300g [eyuowLIdXY ¢

catalysts.

Reference Catalyst Oxidant (Flow/- Condition Temp CH3CO2H umol mmol mmol pmol

Total pressure) (°C) Selectiv-  geat™ h™' molpetai™? MOlyetalt  eat '
ity (%) ht

This work MOF-253-Fe;  CHy (20 bar), Os (8 Batch 160 93 6,159 92,757 1,04,766  2,34,043
bar)

Chem. Sci. 16, MIL-53(Al)-  CH, (30 bar), O (10 Batch 175 92 12,418 11,767 376,559 397,376

2785-2795 (2025)  Cu(OH) bar)

Nat. Commun. 15, DUT-5- CHy4 (30 bar), O2 (8 Batch 150 79 1,667 1,724 68,965 66,667

9798 (2024) Fe(OH), bar)

ACS Catal. 14, Au/24h- CH, (20.7 bar), O, Batch 240 21 - - - 12.1

1797-1807 (2024)  ZSM5(DR-24) (3.5 bar)

Nat. Commun. 14, PdO/Pd-WO3- CHy + H2O Flow/Light r.t 91.6 - 90.7 - -

3047 (2023) 2
CHy (10 bar) + H2O Batch/Light r.t 60.2 - 62.5 - -

Appl.  Catal. B Ag/AgCl- 0.1 bar CH4:Ny Light 25 62.7 188.5 - - -

337, 122983 (2023) WO3-X (1:9), 0.1 bar Oy

Continued on next page
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Table 4.11 (continued)

Reference Catalyst Oxidant (Flow/- Condition Temp CH3CO2;H pmol mmol mmol pumol

Total pressure) (°C) Selectiv-  gcat™l bl molyetar? Molmetalr  Zeat ™t
ity (%) h!

ACS Catal. 13, Au/ZSM- CH4 (20.7 bar), O2 Batch 240 2.5 — - - 314

7199-7209 (2023)  5+XC72R (3.5 bar)

J. Am. Chem. Soc. Ce-UiO- CHy (30 bar), Oz (6 Batch 115 96 - - - 3,24,324

145,  6156-6165 Cu(OH) bar)

(2023)

Nat.  Catal. 5, Au-ZSM-5 CHy (20.7 bar), O2 Batch 240 41 45.48 - - 3.79

45-54 (2022)

(3.5 bar)

Uo01)00G [RjuowLIdXY ¢

861
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4.4 Conclusion

The selective oxidation of methane into acetic acid presents a significant challenge, requir-
ing careful design and precise control over the structure of the active sites. This study
demonstrates that the nature of the Fe active sites, specifically dimeric, plays a crucial role
in determining product selectivity. The dimeric [Fe(u2-OH)(OH)], site in MOF-253-Fe,
gave acetic acid in 100% selectivity in the aqueous phase with a high productivity of
2757 mmolcn,co,n molg.~! h™! at 160 °C. These findings establish an elegant strategy
for directing methane oxidation towards Cy products selectively by tailoring the nuclearity
of the active site. This approach thus offers a rational method for designing chemoselec-
tive heterogeneous base-metal catalysts for alkane functionalization. Our proposed catalytic
pathways for MOF-253-Fe,-catalyzed methane oxidation at high temperature and pressure
are still speculative and significantly different from those observed in enzymatic and ho-
mogeneous systems. While MOF-253 allows for the confinement of the active site within
its pores and offers thermal stability, it lacks dynamic control, sacrificial reductants, or
cofactors and precisely tuned protein scaffolding of MMO, resulting in a distinct coordi-
nation environment and catalytic pathway. Furthermore, the rigid framework of MOF-253
enforces a fixed Fe---Fe distance and a static coordination geometry of the diiron center,
which prevents it from replicating the flexibility and unique microenvironment around the
diiron center provided by the protein scaffolds in the MMO system. Therefore, further ex-
perimental and computational studies are necessary to elucidate the detailed mechanisms of

methane functionalization using these MOF systems.
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Abstract

Direct oxidation of methane to methanol using Oy under mild conditions is highly desirable
yet challenging due to methane’s chemical inertness and the tendency of methanol to overox-
idize. This chapter presents a mononuclear bipyridyl Fe(II)-hydroxyl catalyst supported on
MOF-253(Al), designated as MOF-253-Fe, containing a (bpy)Fe''(OH)s active site. The
catalyst achieves a methanol productivity of 6,060 mmolcu,on molget h™! with 96% selec-
tivity in the aqueous phase at 95 °C. Spectroscopic investigations suggest that the isolated
Fe(I1)-OH centers promote selective C-H hydroxylation through a radical-mediated pathway,
efficiently activating Oz and methane without further oxidation of methanol. In contrast to
the dinuclear analogue, MOF-253-Fe operates via single-site redox chemistry, emphasizing
the importance of active site nuclearity in dictating product selectivity. This work provides
mechanistic insight into the design of MOF-supported Fe catalysts for selective methane-to-

methanol conversion.

5.1 Introduction

Building upon the insights gained from dinuclear Fe(II) systems that facilitate C—C coupling to
form acetic acid, the subsequent focus shifts toward steering the oxidation pathway to achieve
methane hydroxylation. In this context, mononuclear Fe-based active sites offer a distinct reaction
environment compared to their binuclear counterparts. The isolated Fe centers can potentially pro-
mote site-confined activation of Os and CHy, allowing controlled C—H bond functionalization while
minimizing undesired overoxidation. This approach provides an opportunity to understand how
the nuclearity of Fe sites influences oxygen activation, reaction selectivity, and product distribution

in methane oxidation.

Selective methane-to-methanol conversion remains a key goal in both academic and industrial
catalysis due to the direct utility of methanol as a fuel and chemical feedstock. Traditional gas-
phase oxidation routes suffer from poor selectivity and high energy requirements.'™ In recent
years, MOF-supported transition-metal catalysts have emerged as promising candidates owing to
their uniform site distribution and the ability to mimic enzyme-like environments within porous

frameworks.?®

In this chapter, we report a mononuclear Fe(IT)-hydroxyl catalyst, (bpy)Fel(OH)2, immobilized
in MOF-253(Al), which exhibits remarkably high methanol productivity and selectivity under mild

aqueous conditions (Figure 5.1). Spectroscopic studies suggest that the reaction proceeds via a
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radical-mediated C-H activation pathway, where the Fe-OH species promotes partial oxidation of
methane to methanol without further oxidation to CO2. Comparison with the dinuclear analogue
highlights how site isolation and single-site redox chemistry govern product selectivity. This work
provides key insights into the role of metal nuclearity in determining methane oxidation pathways

within MOF-based catalytic systems.

o o) \ o
O 0 0 : O : . 95°C
o~I'~0 =, ©0~1~0 Restricted Redox . S~ )~ 5pn = CHsOH
— o )—@—(}—(\ o % Flexibility R N
O\Al’o =N_n N O\l{l/o CH /"\) > ~6,060 mmolcyzon molg,™ h
0”7 i~Q /Fe.,’ 0-:iNo Lacks Cooperative 4 . Y ’F(e_.on 96% liquid selectivity
—</ OH /}‘ HO' ©OH - <\ HO \>_ Dynamics + 2y A\
o\;{r% O\ilzo 0,
-1 O~I'~0  Excellent methanol 160 °C
*<\ ? o />— productivity and / - | 38h» CH3CO-H
O A-© ol o selectivity { o
o7 i /él\o ~ ’ ~330 mmolcyzcozn MOlge™ h™
o MOF-253-Fe 0 MOF-253-Fe 60% liquid selectivity

Figure 5.1: Proposed mononuclear MOF-253(Al)-Fe Catalyst for Methane Oxidation.

5.2 Results and Discussion

5.2.1 Synthesis and Characterization of MOF-253-Fe.

MOF-253-Fe was synthesized through post-synthetic metalation of the mixed-MOF-253(Al), con-
taining bipyridyl and biphenyl linkers in a 1:9 ratio (Figure 5.2a).!° ICP-OES analysis of the
digested MOF-253-Fe revealed that all bipyridine moieties are coordinated by Fe?T. We further
characterized MOF-253-Fe using PXRD (Figure 5.2b), XPS (Figure 5.2¢), and X-ray absorption
spectroscopy (Figure 5.2d). XPS and XANES analysis (Figure 5.8) of MOF-253-Fe confirmed the
presence of Fe?* species. EXAFS analysis of MOF-253-Fe suggested the existence of a mononu-
clear tetrahedral (bpy)Fe!!(OH) species, featuring two Fe-Nj,,, bonds at 2.07 A and two terminal
hydroxyl groups at 1.89 A (Figure 5.2d).

In the raw phase uncorrected k2-weighted Fe-EXAFS x(R) spectra, the signal intensity of
MOF-253-Fe at 2.6 A is visibly diminished in comparison to that of MOF-253-Fes, likely due to
the absence of Fe-Fe scattering in MOF-253-Fe (Figure 5.2d). To further confirm the absence
of dinuclear species in MOF-253-Fe, we fitted the EXAFS data at the Fe K-edge with varying
percentages (5-20%) of a DFT-optimized model of [(bpy)Fe!!(uo-OH)(OH)(OH3)]s; inclusion of

even 5% dimer showed significant misfits and higher R-values (Figure 5.9).
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Figure 5.2: (a) Synthesis of MOF-253-Fe. (b) PXRD patterns of simulated MOF-253(Al)
(black), MOF-253(Al)-(bpy)o1 (red), MOF-253-(bpy)o.1-FeCly (blue), MOF-
253-Fe (green), and MOF-253-Fe recovered after catalysis (magenta). (c) Fe
2p XPS spectra of MOF-253-Fe. (d) EXAFS spectra (blue and black hollow
squares) and fits (black and blue solid lines) of MOF-253-Fe in the R space at
the Fe K-edge. The fitting range in the R space is 1.0-3.25 A. (e) Comparison
of catalytic activities between MOF-253-Fe, (10.5 pmol Fe) and MOF-253-Fe
(10.5 pmol Fe) in the oxidation of methane to acetic acid and methanol at
160 °C and 95 °C, respectively. (f) GC-MS spectrum of the reaction mixture
obtained after *CH, oxidation. Reaction conditions: MOF-253-Fe (20.8 mg,
5.25 umol Fe), 20 bar CHy, 8 bar O, 22 h, and 95 °C. (g) Evaluation of the
catalytic performance of MOF-253-Fe in the oxidation of CH; to CH30H using
Oy, compared to previously documented base-metal catalysts. Reports marked
with an asterisk do not specify selectivity. (h) Comparison of catalytic activity
for the oxidation of CH, over MOF-253-Fe, and MOF-253-Fe with other cat-
alysts at 95 °C (22 h) and 160 °C (38 h) under identical reaction conditions.
Reaction conditions: catalyst (10.5 pmol Fe), CH, (20 bar), Oy (8 bar), 8 mL

water.
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FT-IR spectra of MOF-253-Fes showed both terminal OH (3620 cm™') and bridging OH
(3428 cm™!) peaks, while MOF-253-Fe only exhibited the terminal OH peak, further indicating

the mononuclear nature of the Fe species in MOF-253-Fe (Figure 5.6).

5.2.2 Catalytic Methane Oxidation using MOF-253-Fe.

MOF-253-Fe (5.25 pmol Fe) gave a significant amount of methanol when a mixture of 20 bar CHy
and 8 bar Oy was heated at a low temperature ranging from 80-110 °C (entries 1-2, 6, Table 5.1).

We observed that the methane oxidation reaction with mononuclear MOF-253-Fe catalyst
(20.8 mg, 5.25 pmol Fe) at 95 °C for 22 h yielded 0.7 mmol of methanol and 0.03 mmol of acetic
acid (Figure 4e and Entry 1, Table 5.1). This corresponds to a methanol selectivity of 96% in the
liquid phase with an exceptionally high productivity of 6,060 mmolch,on molge1 h~!, the highest
recorded among all base-metal catalysts reported to date (Figure 5.2g and Table 5.6). The forma-
tion of CH3OH at 95 °C was also confirmed using isotopically labelled "*CH,, which revealed the
formation of only *CH30H as analyzed by GC-MS (Figure 5.2f).

The PXRD pattern of MOF-253-Fe recovered after methane oxidation showed the retention of
its crystallinity and structure during catalysis (Figure 5.2b). Importantly, the MOF-253-Fe catalyst
demonstrated excellent reusability, maintaining its catalytic activity over at least five consecutive

cycles without any decline in productivity.

To confirm whether the mononuclear (bpy)Fe!!(OH)s species in MOF-253-Fe is primarily re-
sponsible for methanol production at 95 °C, we compared the reaction with bpy-UiO-Fe!!(OH)a,
which contains only mononuclear (bpy)Fe!'(OH)s moieties due to its non-parallel bipyridyl linkers
and octahedral geometry.!! The comparable methanol selectivity observed for bpy-UiO-Fe (80%)
under identical reaction conditions further supports that the mononuclear Fe active sites in MOF-

253-Fe are responsible for its high methanol selectivity (Figure 5.2h).

In contrast, the dinuclear MOF-253-Feq exhibited significantly lower methanol selectivity (24%)
at 95 °C (Table 5.2). This poor selectivity can be attributed to the fact that methanol is primarily
formed by the mononuclear (bpy)Fe!'(OH); site. While MOF-253-Fes mostly contains dinuclear Fe
species, some mononuclear Fe sites are still present, mostly at the surface of the MOF particles,

contributing to the observed minimal quantity of methanol at 95 °C.




5.2 Results and Discussion 211

5.2.3 Proposed Mechanism of MOF-253-Fe Catalyzed Methane Oxidation to
Methanol.

Methane oxidation at 95 °C using MOF-253(Al), MOF-253-Fes, or with Fe(0), and various Fe oxides
(FeaO3,Fe304, Fe(OH)s, Fe(OH)3/Alx03) yielded negligible methanol (<0.04 mmol), underscoring
the critical role of mononuclear Fe-hydroxyl active species embedded within the MOF framework
(Figure 5.2h). The EPR spectrum of the DMPO-loaded reaction mixture at 95 °C showed signals
for -CHs and -OH (Figure 5.3). Radical scavenging experiments using NagSO3 and TEMPO further
substantiated the involvement of both -CHj3 and -OH radicals in MOF-253-Fe catalyzed methanol
production (Entry 4-5, Table 5.1).

methane + O, + MOF-253-Fe

L)
s ¢ olla " ! & N (after catalysis)

& simulated
ﬂ{ q{ DMPO-OH

# simulated
m A q n ‘\ q DMPO-CH,

¢ simulated
DMPO-degraded
T T T T

3440 3460 3480 3500 3520 3540
Magnetic Field (Gauss)

Figure 5.3: X-band (9.85 GHz) EPR spectroscopic spin-trapping experiments. EPR spec-

trum from DMPO spin-trapping experiment of MOF-253-Fe catalyzed methane
oxidation by Oy at 95 °C for 22 h (black), simulated DMPO-OH (red), simulated
DMPO-CHj; (blue), simulated DMPO-degraded during the reaction (green).
Optimized reaction conditions: MOF-253-Fe (20.85 mg, 5.25 pmol Fe), 20 bar
CHy, 8 bar Og, 95 °C, 8 mL water, and 22 h.

Based on these findings, we propose that the reaction between the Fe(II) site of MOF-253-Fe
and Oy may form a reactive Fe(IIT)-superoxo or Fe(IV)-peroxo species that initiates C—H activation
of methane to generate INT-1 and a -CH3 radical (Figure 5.4).!%!3 Subsequently, INT-1 may
undergo O—O bond cleavage to release a -OH radical, resulting in the formation of an Fe(IV)=0
species (INT-2).1415 The free -OH combines with -CHz to produce a molecule of CH3OH. Besides,
the Fe(IV)=0 species in INT-2 then facilitates hydrogen atom transfer from a second methane
molecule, generating another -CHsz and forming an Fe(I1T)-OH intermediate (INT-3).6:17 The -CHj
then recombines with Fe-OH of INT-3 to form INT-4. Finally, the release of another methanol

molecule regenerates MOF-253-Fe and completes the catalytic cycle (Figure 5.4).
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Notably, water-assisted O-O bond cleavage of Fe!ll

—OOH species in INT-1 may also form a
high-valent FeV(O)(OH) species, '® which could facilitate methane activation. However, controlled
experiments involving MOF-253-Fe-catalyzed methane oxidation in water or a water—acetonitrile
mixture at 95 °C, in the presence of an alkene such as cyclohexene or styrene, did not yield any
vicinal diol products (Section 5.3.2), which suggests that the FeV(O)(OH)-mediated oxidation of
methane is unlikely. 1617 Future investigations are necessary to explore the Oy activation process

and to understand the species involved in the abstraction of hydrogen during the conversion of

MOF-253-Fe to INT-1.

CH,OH

/OH O, + CHy
IIFe
NCHS
MOF-253-Fe
XN OHCH3
~N_| oH N | o}
\ N
u/Fe/ |||Fe<]
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A INT-4 [20"'4 + 02 —— ZCH3OH } N
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\ ~
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X X
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‘CH; CH,

Figure 5.4: Proposed catalytic cycle of MOF-253-Fe-catalyzed selective methane oxidation

to methanol using Os.

Mechanistic divergence between mono- and dinuclear Fe sites.

The distinct methane oxidation pathways leading to methanol or acetic acid originate from
the contrasting reactivity of mononuclear and dinuclear bipyridyl Fe(II) hydroxyl species confined
within the MOF-253(Al) framework. The single-site nature of these Fe catalysts is crucial, as
indicated by the lack of methanol or acetic acid production when using bulk Fe oxides or Fe
nanoparticles (Figure 5.2h). At low temperature (~95 °C), methanol formation is highly favored
with the MOF-253-Fe containing mononuclear (bpy)Fe(OH), catalyst. In contrast, the dinuclear
Fe catalyst (MOF-253-Fes) benefits from synergistic effects that facilitate multi-electron transfer

processes, which are likely essential for acetic acid production at 160 °C.
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5.3 Experimental Section

5.3.1 Synthesis and Characterization of MOF-253(Al) and MOF-253-Fe.

Synthesis of MOF-253-Fe [Al(OH)(bpdc)g.o(bpy)o.1-Fe(OH),|.

Similar to the synthesis of MOF-253(Al), 2,2-bipyridine-5,5-dicarboxylic acid (Haobpyde, 2.6 mg,
0.0106 mmol, 0.1 eq.), biphenyl-4,4-dicarboxylic acid (Hgbpdc, 23.1 mg, 0.0954 mmol, 0.9 eq.),
and AlCl3 (26 mg, 0.11 mmol, 1 eq.) were added into 3 mL of N,N-dimethylformamide (DMF)
and stirred for 30 minutes. The solution was then transferred into a Teflon-lined stainless-steel
autoclave and heated at 120 °C for 24 h. After cooling to room temperature, the resulting white
solid was collected by centrifugation and washed several times with DMF. Finally, the obtained

white crystalline solid of MOF-253(Al)-(bpy)o.1 was washed and stored in THF.

The PXRD pattern of MOF-253(Al)-(bpy)o.1 was found to be identical to that of MOF-
253(Al) (Figure 5.2b). To determine its chemical composition, 1 mg of MOF-253(Al)-(bpy)o.1
was digested in 60 uL of D3PO,4 and sonicated for 15 minutes. Subsequently, 600 pL of DMSO-
dg and 60 pL of DO were added, and the mixture was analyzed using 'H NMR spectroscopy

(Figure 5.5). The bpydc to bpdc ratio was determined to be 1:9, corresponding to the formula
AI(OH)(bpdC)o_g(bpydC)oll.
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Figure 5.5: 'H NMR (400 MHz, DMSO-dg) spectrum of digested MOF-253(Al)-(bpy)o.1-
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Using the same post-synthetic modification for MOF-253(Al), MOF-253(Al)-(bpy)o.1 was met-

alated to form the mononuclear Fe catalyst. ICP-OES showed a 98% Fe-loading with respect to

bpy moiety for MOF-253-Fe.
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Figure 5.6: FT-IR spectra of MOF-253-Fey (red), MOF-253-Fe, prepared in D,O (black),
MOF-253-Fe (blue), and MOF-253-Fe prepared in D,O (green) in the wavenum-
ber range of (a) 4000-500 cm™!, (b) 3650-3400 cm™!, and (c) 2700-2420 cm™!.
The peak at 3620 cm~! in MOF-253-Fe, and MOF-253-Fe shifted to 2596 cm ™!
in MOF-253-Fey(D20) and MOF-253-Fe(D,0), corresponding to the stretching
vibration of terminal Fe-OH. The peak at 3428 cm™! in MOF-253-Fe, (absent
in MOF-253-Fe) shifted to 2419 cm™! in MOF-253-Fey(D20), representing the
stretching mode of bridging je-(OH)pe.om.re.* Notably, the absence of a peak at

3428 cm~! in MOF-253-Fe confirms the absence of dinuclear Fe species, indicat-

ing that Fe is present solely in monomeric form.

5.3.2 Mononuclear MOF-253-Fe catalyzed methane oxidation.

General procedure mentioned in Section 4.3.2 was followed, using MOF-253-Fe (5.25 pmol of Fe).

Reaction conditions: MOF-253-Fe (20.85 mg, 5.25 pmol of Fe), 8 mL water, 20 bar CHy, 8 bar

09, 95 °C, 22 h. The methane oxidation reaction with the mononuclear catalyst MOF-253-Fe gave

0.7 mmol of methanol and 0.03 mmol of acetic acid (Entry 1, Table 5.1). Methane conversion of

2% and productivity of methanol 6,060 mmolcm,on molp. ' h™! were achieved. This pronounced

shift in product distribution led to a methanol selectivity of 93%, distinctly contrasting with the

exclusive acetic acid selectivity observed for MOF-253-Fey (Figure 5.2e). These findings underscore

the intrinsic preference of the mononuclear Fe catalyst for methanol formation under milder con-

ditions, attributed to differences in active site configuration and the absence of cooperative redox

interactions that drive C-C coupling in the dinuclear system (Table 5.2).
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Table 5.1: Control experiments for MOF-253-Fe catalyzed oxidation of methane.l?!

Entry No. Temp (°C) P[CH4] (bar), Initial P[O3] (bar) CH3CO2H (mmol)[®’l CO/CO; (mmol)lcl

mmol CHy
1 95 20, 39 8 0.03lfl 0/0.019
2 110 20, 39 8 0.04lel 0/0.14
3 95 20, 39 8 0.0041 0.0002/0.024
4ld] 95 20, 39 8 olil nd
slel 95 20, 39 8 oll nd
6 80 20, 39 8 0.01kl 0,/0.009

[l Standard conditions: 20.8 5 mg of MOF-253-Fe (5.25 pmol Fe), 8 mL H50, 22 h; N5 balance was applied
to keep constant pressure of 28 bar if needed; nd: not determined.

(bl Analysed by GC-FID using ethylene glycol as the internal standard.
I Analysed by GC-TCD.

[d] NayS0O3 was used as an "OH scavenger.

[l TEMPO was used as a "‘CHjy scavenger.

[l 0.7 mmol of methanol was formed as the major product.

el 0.61 mmol of methanol was formed as the major product.

(2] 0.009 mmol of methanol was formed as the only product.

[ 0.38 mmol of methanol was formed.

l1'0.24 mmol of methanol was formed.

[kl 0.26 mmol of methanol was formed.

Table 5.2: Comparison of catalytic activity and selectivity of MOF-253-Fey and MOF-253-
Fe at 160 °C and 95 °C.l

Catalyst T (°C) CH3;0H CH3CO,H CO/CO, CH3;0H CH3;CO.H
(mmol)  (mmol)  (mmol) % %
MOF-253-Fey!P! 160 0 1.1 0.00014/0.08 93
MOF-253-FelP! 160 0.091 0.14 0.0016/1.21 6 10
MOF-253-Fe |l 95 0.009 0.004  0.0002/0.024 24 11
MOF-253-Felcl 95 1.21 0.056 0/0.038 93 4

[ Reaction conditions: catalyst (10.5 ymol Fe), CHy (20 bar), Oy (8 bar), water (8 mL).
[Pl Reaction time: 38 h.
] Reaction time: 22 h.
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Table 5.3: Carbon balance in MOF-253-Fe catalyzed oxidation of CH, using Os.

Initial Post- CH, CH;OH CH3CO2;H COy CcoO Total C

CH, reaction  consumed (mmol) (mmol) (mmol) (mmol) yield

(mmol) CH,4 (mmol) (mmol)
(mmol)

39 36.71 2.29 1.1 0.08 0.00014 2.28 2.28

Investigating FeV(O)(OH) as a possible intermediate in MOF-253-Fe catalyzed

methane oxidation.

FeV(0)(OH) species are well known for catalyzing the oxidation of olefins.'" ! To investigate
whether such a species forms during MOF-253-Fe catalyzed methane oxidation to methanol,
control experiments were conducted using olefins such as cyclohexene and styrene. Reactions
were performed in either water or a 1:1 water-acetonitrile mixture at 95 °C. The general
procedure described in Section 3.1 was followed, using MOF-253-Fe (5.25 pmol of Fe) and
styrene (0.4 mmol). Reaction conditions: MOF-253-Fe (20.9 mg, 5.25 pmol of Fe), 8 mL
water, 20 bar CHy, 8 bar O, and 0.4 mmol styrene were reacted at 95 °C for 22 h. A similar
setup was used for cyclohexene as the substrate. Each reaction was also repeated using the
water-acetonitrile (1:1) solvent system. None of the four reactions yielded vicinal diol or
epoxidation products from olefins, which suggests that the formation of FeV(O)(OH) as a

reactive intermediate under these conditions is unlikely.

Table 5.4: Simulated parameters of EPR spectroscopic spin-trapping experiments for MOF-

253-Fe catalyzed oxidation of methane.?

Adducts g-factor Ay (G) A H (G) Iw (mT)P
DMPO-OH 2.01 15.0 15.0 0.31
DMPO-CHs 2.01 15.7 23.58 1.1
DMPO-degraded 2.01 16.3 - 1.1

@ Reaction conditions: 20.85 mg MOF-253-Fe (5.25 pmol Fe), 20 bar CHy, 8 bar Oq, 50 uL. DMPO, 22 h,
95 °C.
> The linewidth (Iw, in mT) defines the FWHM (full width at half height) of the absorption Gaussian

(first number).
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5.3.3 DFT Structure Optimization.

All density functional theory (DFT) calculations were performed using Gaussian 16.0.'8
The geometries of the structures were optimized using the B3LYP1%2° hybrid density func-
tional in combination with the def2-SVP?2! (split valence polarization) basis set, along with
Grimme’s D3% dispersion corrections. The Polarizable Continuum Model (PCM), using the
integral equation formalism variant (IEFPCM), was employed as the default SCRF method
with water as the solvent. All calculations were carried out at 303.15 K. Optimized struc-

tures were visualized using GaussView 5.0.
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Cartesian coordinates of the DFT-optimized
structures.
MOF-253-Fe
Coordinates (A)

S.No. Atom X Y Z

1C -3.596452 -0.889699 0.134437

2 C -2.201292 -0.889699 0.134437

3 C -1.503754 0.318052 0.134437

4 C -3.596233 1.526483 0.132759

5 C -4.293834 0.318277 0.133755

6 H -4.146211 -1.842016 0.134887

7T H -1.651784 -1.842212 0.135752

8 H -4.146355 2.478764 0.131806

9 C 0.036246 0.318164 0.135325

10 C 0.733839 -0.889690 0.136241

1 C 2.128391 1.526872 0.135558

12 C 2.128976 -0.889484 0.137470

13 H 0.184311 -1.842133 0.136421

14 C 2.826310 0.318516 0.136991

15 H 2.678186  2.479249  0.134924 Figure 5.7: DFT-optimized structures of

16 H 2.678730 -1.841977 0.138607 MOF-253.Fe.

17 N 0.733679 1.526493 0.135325

18 N -2.201408 1.526561 0.133238

19 Fe -0.676662 2.798773 0.003367

20 H -5.363834 0.318306 0.133996

21 H 3.896310 0.318642 0.137722

22 O -0.656135 4.052561 1.322456

23 H -0.657429 4.929264 0.931317

24 O -0.654104 3.757568 -1.543437

25 H -0.675159 4.695413 -1.339468
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5.3.4 X-ray Absorption Spectroscopic Analysis

X-ray Near-Edge Structure (XANES) and Extended X-ray Absorption Fine Structure (EXAFS) measure-
ments were carried out at the Energy-Scanning EXAFS beamline (BL-9) at the Indus-2 Synchrotron Source
at Raja Ramanna Centre for Advanced Technology (RRCAT), Indore, India.?? All measurements were per-

formed at room temperature. The beamline operates in the energy range of 4-25 keV.

The beamline optics consist of a Rh/Pt coated collimating meridional cylindrical mirror, and the col-
limated beam is monochromatized by a Si(111) based double crystal monochromator (DCM). The second
crystal of the DCM is a sagittal cylindrical crystal used for horizontal focusing, while an additional Rh/Pt
coated bendable post mirror facing downward is used for vertical focusing of the beam at the sample posi-

tion.

Two ionization chambers (300 mm length each) were used for data collection in transmission mode: one
for measuring the incident flux and the second for measuring the transmitted flux. For energy calibration,
standard metal foils were used. Appropriate gas pressures and gas mixtures were chosen to achieve 10—
20% absorption in the first ionization chamber and 70-90% absorption in the second ionization chamber to

optimize the signal-to-noise ratio.

Pellets were prepared from powder samples for recording absorption spectra. Sample powder was mixed
homogeneously with cellulose powder in an appropriate proportion and pressed (2 Ton) into 15 mm diameter
discs. The amount of sample was optimized to achieve a reasonable edge jump at the particular absorption
edge of the element being probed. Spectra were collected at the Fe K-edge in transmission mode and
calibrated against the reference spectrum of metallic Fe (7112 eV). Data were processed using Demeter
software.?? A metallic Fe foil standard was used as a reference for energy calibration and was measured

simultaneously with experimental samples.

XANES analysis

The oxidation states of the Fe species within MOF-253-Fe and MOF-253-Fey were determined by comparing

the energies of their pre-edge positions to those of FeCly and Fe(OH)s.
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Figure 5.8: u(FE) XAS spectra of metallic Fe(0) (black), Fe(OH)s (purple), FeCly (brown),
MOF-253-Fe (red), and MOF-253-Fe, (blue). The oxidation states of the Fe
species within MOF-253-Fe, and MOF-253-Fe were determined by comparing
the energies of their pre-edge positions to those of Fe(OH); and FeCl,. The
pre-edge positions of MOF-253-Fe, (7111.7 €V) and MOF-253-Fe (7111.5 €V)
aligned well with that of FeCly (7111.0 ¢V) and are approximately 2 eV lower
than that of Fe(OH)s (7113.0 eV). Therefore, we conclude that the Fe ions in
MOF-253-Fey and MOF-253-Fe possess a +2 oxidation state.

EXAFS fitting using DFT-optimized structures

The spectra were calibrated against the reference spectra and aligned to the first peak in the smoothed first
derivative of the absorption spectrum. Background noise was removed, and the spectra were processed to

obtain a normalized unit edge step.
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Figure 5.9: (a) EXAFS spectrum and fit of MOF-253-Fe. (b) DFT-optimized structure of
MOF-253-Fe. (c¢) EXAFS spectra (blue and black hollow squares) and fits (black
and blue solid lines) of a combination of 95% monomeric MOF-253-Fe and 5%
dimeric Fe sites in R-space at the Fe K-edge. The fitting range in R-space is 1.0-
3.25 A. The significant misfits and high R-values observed even with 5% di-Fe
further confirm that MOF-253-Fe does not contain any dinuclear MOF-253-Fe,

species.

XPS Analysis

All binding energies were corrected with reference to the Cls peak at 284.8 eV. Casa-XPS software was used

for peak analysis and deconvolution studies.
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Figure 5.10: (a) Raw XPS data of MOF-253-Fe. (b) XPS fitting of Fe in MOF-253-Fe. (c)
XPS fitting of aluminium in MOF-253-Fe.
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Table 5.5: XPS fitting parameters for Fe(II) in MOF-253-Fe.

Component |[Position |[FWHM |Area% Lineshape
(eV) (eV)
Fe(Il) 2p  |708.23 |15 13.52 GL(30)
Fe(Il) 2p  |710.09 |15 17.90 GL(30)
Fe(Il) 2p  |710.90 |16 6.40 GL(30)
Fe(ll) 2p  |712.11  |2.6 0.93 GL(30)
Fe(Il) 2p  |715.87 |54 17.02 GL(30)
Fe(Il) 2p  |721.34 |14 5.51 GL(30)
Fe(Il) 2p  |72253  |1.7 8.42 GL(30)
Fe(II) 2p 724.42 1.7 6.24 GL(30)
Fe(Il) 2p  |72653  |2.8 6.82 GL(30)
Fe(Il) 2p  |730.19 |47 8.24 GL(30)




Table 5.6: Comparison of the catalytic activity of MOF-253-Fe for CH, oxidation to CH3OH using O, with other reported catalysts

containing only earth-abundant metals.

Reference Catalyst Oxidant (Flow/- Condition Temp CH3OH pmol mmol mmol pmol

Total pressure) (°C) Selectiv-  geat™ h™' molpetai™? MOlyetalt  eat '
ity (%) ht

This Work MOF-253-Fe ~ CHy (20 bar), O2 (8 Batch 95 93 1,529.7 6,060 133,333 33,654
bar)

Chem.  Eur. J. Co-VT-1 CH4:02  (2.05:0.35 Batch 90 — 70 — — 140

€202404037, 2025 MPa)

J. Anal. Appl. Py- Cu/BC 21% O2/Ny (13.3 Flow 280 - 20.61 - - -

rolysis 177, 106359 mL/min) + 28%

(2024) CH4 (20 mL/min)

Nat. Commun. 15, DUT-5- CHy (30 bar), Oz (8 Batch 125 90 - 2,155 86,206 -

9798 (2024) Fe(OH), bar)

Chem.  Commun. Cu-KFI 15 mL min' (96.8% Flow 450 83 - 880.3 - -

60, 228231 (2024) CHy, 3.2% H,0),
100 ppm Oo

UOT}00G [RIUOWILIOAXT €°G

Continued on next page
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Table 5.6 (continued)

Reference Catalyst Oxidant (Flow/- Condition Temp CH3OH  umol mmol mmol pumol
Total pressure) (°C) Selectiv-  geat™! h” molyetall MOlnetal™r  Zeat ™t
ity (%) h!
Int. J. Hydrogen Cu/KAO 28% CHy + 21% Oy Flow 320 - 10.10 21.4 — -
Energy 81, 535547 + H,O
(2024)
ACS Catal. 14, Cu-Fe-SSZ-13 10% CHy, 400 ppm Flow 200 - 188.3 - - -
292-298 (2024) O2, Ar balance (to-
tal flow 60 mL/min)
Molecules 29, 2273 Cu/SAPO-34 CHy (60 mL/min), Flow 350 65 504 1,800 - -
(2024) 2% H0, 400 ppm
O2
Energy Fuels 37, Cu-CHA CH4/0O2/H20 Flow 300 33.7 254.9 - - -
9411-9418 (2023) (96.4/2/40 mL)
ACS Appl. Mater. Fe/Uio-66 5 bar CHy, 5% Oy Flow 180 62 7.2 - - -
Interfaces 15, + 0.2% H50 balance

2670-2679 (2023)

Ar

Continued on next page
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Table 5.6 (continued)

Reference Catalyst Oxidant (Flow/- Condition Temp CH3OH  umol mmol mmol pumol
Total pressure) (°C) Selectiv-  gcat™l bl molyetar? Molmetalr  Zeat ™t
ity (%) h!
J. Catal. 421, Cu-SSZ-39 WHSV 6000 mL h™' Flow 225 - 9.82 - - -

300-308 (2023)

gl 50% CHa4, 2%

water, 250 ppm Oq

UOT}00G [RIUOWILIOAXT €°G

g¢ce
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Conclusion

The mononuclear Fe(II)-hydroxyl sites confined within the MOF-253 framework exhibit outstanding cat-
alytic performance for the selective oxidation of methane to methanol under mild conditions. The single-site
nature of MOF-253-Fe enables efficient C-H activation using Os as the sole oxidant, achieving 96% methanol
selectivity and an impressive productivity of 6,060 mmolcy,on molp,~* h™1 at 95 °C in aqueous medium.
Radical trapping and isotopic labeling studies confirm that the reaction proceeds through radical-mediated
pathways involving -CHj and -OH intermediates. The structural confinement of the (bpy)Fe(II)(OH)2 moi-
ety within the MOF channels stabilizes reactive intermediates and suppresses overoxidation of methanol to
acetic acid or CO2. These findings highlight the critical role of isolated Fe(II)-hydroxyl centers in enabling
selective partial oxidation of methane and provide a mechanistic basis for designing single-site heterogeneous

catalysts capable of controlled alkane functionalization.
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Abstract

Direct hydroxylation of benzene to phenol is more appealing in the industry for the economic and
environmentally friendly phenol synthesis than the conventional cumene process. We have developed
a UiO-metal-organic framework (MOF)-supported mono bipyridyl-Iron(IT) hydroxyl catalyst [bpy-
UiO-Fe(OH)s] for the selective benzene hydroxylation into phenol using H2O5 as the oxidant. The
heterogeneous bpy-UiO-Fe(OH), catalyst showed high activity and remarkable phenol selectivity of
99%, giving the phenol mass-specific activity up to 1261 mmolpnhon gre* h™! at 60 °C. Bpy-UiO-
Fe(OH), is significantly more active and selective than its homogeneous counterpart, bipyridine-
Fe(OH),. This enhanced catalytic activity of bpy-UiO-Fe(OH)s over its homogeneous control is
attributed to the active site isolation of the bpy-Fe(OH)s moiety by the solid MOF that prevents in-
termolecular decomposition. Moreover, the exceptional selectivity of bpy-UiO-Fe(OH)s in benzene to
phenol conversion is originated via shape-selective catalysis, where the confined reaction space within
the porous UiO-MOF prevents the formation of larger overoxidized products such as hydroquinone
or benzoquinone, leading to the formation of only smaller-sized phenol after monohydroxylation of
benzene. Spectroscopic and controlled experiments and theoretical calculations elucidated the re-
action pathway, in which the in situ generated ‘OH radical mediated by bpy-UiO-Fe!'(OH), is the
key species for benzene hydroxylation. This work underscores the significance of MOF-supported

earth-abundant metal catalysts for sustainable production of fine chemicals.

6.1 Introduction

Phenol is a pivotal chemical in industries, which is extensively used in synthesizing capro-
lactam, phenolic resins, synthetic fragrances, dyes, adipic acid, and pharmaceuticals.!™ The
industrial production of phenol is currently dominated by the cumene process, in which the
gas-phase Friedel-Crafts alkylation of benzene by propene using a Lewis acid catalyst gives
cumene, followed by oxidation of cumene by Oy to form cumene hydroperoxide, and the
subsequent transformation of cumene hydroperoxide into phenol and acetone via the Hock
rearrangement.,* % Single-step direct hydroxylation of benzene to phenol under mild condi-
tions could be more economical, avoiding the energy-intensive and high-pressure reactions

10713 and heterogeneous

involved in the multistep cumene process.”® Various homogeneous
catalysts'*?® have been developed recently for one-step hydroxylation of benzene to phe-
nol using O, and hydrogen peroxide (Hy0O2) as the oxidant. Among the plethora of metal
catalysts, heterogeneous catalysts based on iron have been extensively explored for benzene
hydroxylation. These catalysts offer notable advantages, such as cost-effectiveness, easy sep-
aration, and environmental compatibility. ElMetwally et al. reported an iron oxychloride
catalyst for selective hydroxylation of benzene.!* Liu et al. produced metal single-atom
catalysts for selective benzene hydroxylation.!” Zeng et al. demonstrated the bimetallic

FeCo nanoalloys for direct hydroxylation of benzene to phenol.'® Chen et al. constructed Fe
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clusters embedded in a porous carbon-nitride catalyst for benzene transformation.?* Bu et
al. studied the spin-state controlled nuclearity effect on iron sub-nanocatalysts for benzene
oxidation.?? All of these catalysts generated hydroxyl radical ((OH) from HyO,, which is
the active species for the hydroxylation of benzene. Despite significant progress, all these
catalyst systems suffer from poor activity and selectivity due to the catalyst decomposi-
tion and lack of control over the overoxidation of phenol. As porous and tunable molecular
materials, metal-organic frameworks (MOFs) have garnered significant attention for devel-
oping robust single-site heterogeneous catalysts for diverse applications.?6 4 In particular,
UiO-MOFs, constructed from Zrg(pus—0)4(us—OH)4 secondary building units (SBUs) or
nodes and linear dicarboxylate bridging linkers, offer excellent thermally and chemically
robust platforms.46°° 52 The inherent capability of MOFs to sustain postsynthetic modifi-
cation allows the functionalization of organic linkers of MOFs, which leads to the formation

275365 Furthermore, MOF-supported

of single-site base-metal catalysts upon metalation.
single-site catalysts offer a blend of advantages from homogeneous catalysts, including uni-
form distribution of active sites, and heterogeneous counterparts, such as robustness and

9466-68 Pan et al. recently reported nitrogen atom-ligated single-site

easy catalyst recycling.
Fe-catalysts, in which increasing the Fe-N coordination number enhanced the benzene ox-
idation activity.!® We surmised that bipyridyl iron species confined within a porous MOF
could be highly robust and selective heterogeneous catalysts for hydroxylation of benzene
via active-site isolation. Herein, we report an efficient single-step hydroxylation of benzene
into phenol using HyO5 over a MOF-supported mono 2,2’-bipyridine-iron catalyst in excel-

lent yield and selectivity.

6.2 Results and Discussions

6.2.1 Synthesis and Characterization of bpy-UiO-Fe(OH),

Bpy-UiO-Fe(OH)2 was synthesized via postsynthetic metalation of the bipyridyl linkers of the freshly pre-
pared bpy-UiO-67 MOF. The solvothermal reaction between ZrCly and 2,2'-bipyridine-5,5'-dicarboxylic
acid with CF3CO2H as the modulator in the presence of DMF at 100 °C for 4 days gave the bpy-UiO MOF
in 69% yield.?®> The pristine bpy-UiO MOFs,% featuring three-dimensional porous UiO-topology, 595170
are constructed from ZrgO4(OH)4 nodes interconnected with 2,2’-bipyridine-5,5'-dicarboxylate (bpy) bridg-
ing linkers. Stirring a THF solution of FeCly with a slurry of bpy-UiO afforded bpy-UiO-FeCly, bearing
bipyridyl-ligated Fe-dichloride species at its linker. X-ray photoelectron spectroscopy (XPS) analysis of bpy-
UiO-FeCl; displayed Fe 2p3/, and 2p; /» binding energy peaks at 709.8 and 723.6 eV, respectively, signifying
the +2 oxidation state of the Fe ion (Figure 6.19b). The presence of the +4 oxidation state of the Zr ion at
bpy-UiO-FeCl, nodes was also confirmed by XPS, which displayed Zr'V binding energies at 182.4 and 184.8

eV (Figure 6.19¢). The reaction between bpy-UiO-FeCl; and NaEt3BH in THF resulted in the formation of
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bpy-UiO-FeH, via chloride-hydride exchange at the Fe ion. Subsequently, the treatment of bpy-UiO-FeHy
with water afforded bpy-UiO-Fe(OH)s, bearing bipyridyl-ligated Fe-dihydroxyl species at its linker. 40%
Fe-loading with respect to the bipyridyl linkers was achieved as determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES) of the digested bpy-UiO-Fe(OH)s MOF. The resemblance in the
PXRD pattern between bpy-UiO-FeCls, bpy-UiO-Fe(OH),, and the pristine bpy-UiO MOF indicated the
retention of crystallinity and structure of the bpy-UiO MOFs during postsynthetic treatments (Figure 6.1b)
The BET surface area of bpy-UiO-Fe(OH), was estimated as 522 m?/g (Figure 6.1c). The much reduced
surface area of bpy-UiO-Fe(OH), than that of pristine bpy-UiO (1898 m?/g) is attributed to the incorpo-
ration of the Fe(OH); moiety within the pores of the MOF. Scanning electron microscopy (SEM) image
displayed bpy-UiO-Fe(OH)s particles with an average size of 220 nm (Figure 6.1d).

The uniform distribution of Fe and Zr throughout the particles was observed in the SEM-EDX
mapping (Figure 6.8). The XPS spectrum of bpy-UiO-Fe(OH), confirmed the +2 oxidation
state of Fe, which showed binding energies of Fe 2ps/, and Fe 2p,/, at 710.3 and 723.9
eV, respectively (Figure 6.1e). In the X-ray absorption near-edge structure (XANES), the
pre-edge energy of Fe in bpy-UiO-Fe(OH), closely matched that of FeCly (7112 V), fur-
ther indicating the presence of the Fe?" species (Figure 6.2a). Notably, the +4 oxidation
state of the Zr ion remained unchanged throughout the transformation of bpy-UiO-FeCl; to
bpy-UiO-Fe(OH), as determined by XPS analysis (Figure 6.1f).

The analysis of the Fe K-edge extended X-ray absorption fine structure (EXAFS) of
bpy-UiO-Fe(OH), revealed that the Fe ion is octahedrally coordinated with two nitrogen
atoms of the bipyridine, two hydroxyl groups, and two water molecules (Figure 6.2b).
The Fe-N bipyridine distance is 2.03 A, while the Fe-Ogn distance is 1.9 A, and the
Fe-Oy,o distance is 2.09 A. The EXAFS data of bpy-UiO-Fe(OH), were also fitted to its
DFT model with 5-80% metallic Fe (Figure 6.17). Significant misfits and higher R-fac-
tors indicated the absence of any metallic Fe nanoparticles in the MOF. In addition, the
lack of an Fe-Fe scattering feature at 2.2 A of Fe foil in the phase-corrected k2-weighted
Fe-EXAFS x(R) of bpy-UiO-Fe(OH), further confirmed the absence of Fe nanoparticles in
bpy-UiO-Fe(OH), (Figure 6.2f). In this spectrum, the lack of Fe-Cl single scattering at 1.6 A
in bpy-UiO-Fe(OH), suggests that there is no remaining Fe-Cl bond following postsynthetic
modification (Figure 6.2f). The initial scattering peak centered at ~ 1.5 A is attributed to
Fe-O/N single scattering, resembling that of Fe;O3, and the secondary weaker scattering at
~ 2.7 A is attributed to the Fe-Cpyriay scattering (Figure 6.2f). Moreover, the Fe-Fe single
scattering feature of Fe,Og at 2.53 A is absent in the EXAFS image of bpy-UiO-Fe(OH),,
suggesting that bpy-UiO-Fe(OH), exclusively contains isolated Fe cations without Fe neigh-
bors. The X-band electron-paramagnetic spectroscopy (EPR) spectrum reveals a broad
signal centered at g = 2.055 (Figure 6.1g). The EXAFS and EPR data suggest the exis-
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Figure 6.1: (a) Postsynthetic metalation of bpy-UiO to form bpy-UiO-Fe(OH), (b) PXRD
patterns of the simulated UiO-67 MOF (black), pristine bpy-UiO (red), bpy-
UiO-FeCl, (blue),bpy-Fe(OH), (green), and bpy-UiO-Fe recovered after benzene
hydroxylation (purple). (c¢) Ny sorption isotherms of bpy-UiO (gray/black) and
bpy-UiO-Fe(OH), (red/orange) measured at 77 K. (d) SEM image of bpy-UiO-
Fe(OH), particles. (e) Fe 2p XPS spectra of bpy-UiO-Fe(OH), and bpy-UiO-Fe
after catalysis. (f) Zr 3d XPS spectra of bpy-UiO-Fe(OH), and bpy-UiO-Fe after
catalysis. (g) EPR spectra of solid bpy-UiO-Fe(OH), (black) and bpy-UiO-Fe
after catalysis (red).

tence of a high spin octahedral (bpy)Fe!’(OH),(OHs ), species within bpy-UiO-Fe(OH),. ™57

6.2.2 Catalytic Performance for Benzene Hydroxylation

Bpy-UiO-Fe(OH), is an active heterogeneous catalyst for the direct hydroxylation of benzene into phenol

using HoO5 as the oxidant. The hydroxylation of benzene was optimized by varying solvents, reaction time,
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Figure 6.2: (a) XANES spectra of metallic Fe(0) foil (black), bpy-UiO-Fe(OH), (green),
and bpy-UiO-Fe after catalysis of benzene oxidation to phenol (blue), Fe(OH)s
(magenta), and FeCly (red). (b) EXAFS spectra (blue solid and hollow triangles)
and fits (black solid and dashed lines) of bpy-UiO-Fe(OH), in R space at the
Fe K-edge. The fitting range in the R space is 1.2-3.5 A (c) DFT-optimized
structure of the bpy-Fe(OH)y(H30)y moiety within bpy-UiO-Fe(OH), MOFs.
The bond distances are given in A. (d) EXAFS spectra (black solid and hollow
triangles) and fits (gray solid and dashed lines) of bpy-UiO-Fe after catalytic
benzene hydroxylation to phenol in the R space at the Fe K-edge. The fitting
range in the R space is 1.2-3.5 A. (e) DFT-optimized structure of the bpy-
Fe(OH)3(H20) moiety within bpy-UiO-Fe MOFs. The bond distances are in
A. (f) k*weighted Fe-EXAFS (R) spectra of bpy-UiO-Fe(OH), (black), Fe foil
(red), FeoO3 (green), and FeCly (blue).

temperature, and the benzene/Hy02 molar ratio. In addition, several control experiments were conducted
to identify the true catalytic species. First, radical trap experiments were carried out to investigate any
role of the "OH in bpy-UiO-Fe(OH)s-catalyzed hydroxylation of benzene using HoOs. The conversion of
benzene to phenol significantly dropped in the presence of NaySOs3, t-butanol, or isopropyl alcohol as the
22;73;74

"OH scavenger,

hydroxylation (Table 6.1, entries 10-12).

suggesting that the in situ generated ‘OH radical is the key species for benzene
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Effect of Solvents:

The effect of different polar solvents was screened for bpy-UiO-Fe(OH)s-catalyzed hydroxylation of benzene
to phenol. Among all the solvents screened, a CH3CN/water mixed solvent [1:1 (v/v)] gave the best
performance with 88% conversion of benzene and a remarkable 99% selectivity toward phenol after 4 h
reaction, while no conversion was observed when only CH3CN was used as the solvent. The superior
performance in this solvent mixture can be attributed to the fact that acetonitrile being less polar aids
the overall dissolution of the reactant benzene, and water being more polar extracts the phenol formed. A
similar beneficial effect of a mixed solvent has been observed previously in the benzene hydroxylation with

H,0, using other heterogeneous Fe catalysts and homogeneous-complexes. 247

Effect of Reaction Temperature:

To identify the lowest temperature that maximizes benzene conversion to phenol, the impact of the tem-
perature was investigated within the range of 30-70 °C (Figure 6.3a). Analysis of the reaction temperature

demonstrated a direct correlation between the conversion of benzene to phenol and temperature, reaching its

Table 6.1: Hydroxylation of Benzene into Phenol Using H,O5 as the Oxidant®

OH
catalyst
© + H,0, ———> + H,0
S. No. |Catalyst Benzene conver-| Phenol:HQ:BQ
sion (%)P
1 Bpy-UiO-Fe(OH), 88 >99:0:0.5
2 No catalyst 0 -
3¢ Bpy-UiO-Fe(OH), 61 >99:0:0.2
4 Bpy-UiO-Fe(OH)3 86 >99:0:0.4
5 Bpy-UiO 0 -
6 Bpy-UiO-FeCly 0 -
7 Bpy-Fe(OH), 32 74:16.4:9.6
8 Fe(OH)2 19 57:34:9
9 Fe nanoparticles 0 —
104 Bpy-UiO-Fe(OH), 24 >99:0:0.1
11¢ Bpy-UiO-Fe(OH), 48 >99:0:0.5
12 Bpy-UiO-Fe(OH), 33 >99:0:0.3

aStandard reaction conditions: catalyst (0.31 mol% Fe loading), benzene (3.372 mmol), HoO5 (5 equiv),
4 mL CH3CN:water (1:1), 60 °C, 4 h.

b Analyzed by GC-FID using bromobenzene as internal standard.

€0.16 mol% Fe loading.

4NapS03 (10 mmol) used as radical scavenger.

¢¢-Butanol (10 mmol) used as radical scavenger.

fIsopropyl alcohol (10 mmol) used as radical scavenger.
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peak at 60 °C. Elevating the reaction temperature allows facile diffusion of the benzene and HoO2 molecules
through the channels of MOFs, thus boosting the rate of interactions between the Fe catalyst and substrates.

However, the yield of phenol decreases above 70 °C, presumably due to the thermal decomposition of HoO2

into oxygen and water.
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Figure 6.3: (a) Effect of temperature on % GC yield of PhOH and PhOH selectivity for bpy-
UiO-Fe(OH)q-catalyzed hydroxylation of benzene. Reaction conditions: ben-
zene (0.3 mL, 3.37 mmol), bpy-UiO-Fe(OH), (0.31 mol % Fe), mole ratio of
benzene/H,0y (1:5), water/CH3CN [1:1, v/v, 4 mL], 4 h. (b) % GC yield of
phenol and phenol selectivity with time plot for benzene hydroxylation. Reac-
tion conditions: benzene (0.3 mL, 3.37 mmol), bpy-UiO-Fe(OH), (0.31 mol %),
mole ratio of benzene/Hy0, (1:5), water/CH3CN [1:1, v/v, 4 mL], 60 °C. (c)
Dependence of benzene conversion and phenol selectivity on the mole ratio of
benzene/Hy04 catalyzed by bpy-UiO-Fe(OH),. Reaction conditions: benzene
(0.3 mL, 3.37 mmol), bpy-UiO-Fe(OH), (0.31 mol % Fe loading), water/ CH3CN
[1:1, v/v, 4 mL], 60 °C, 4 h. (d) Comparison plot for catalytic activity and
selectivity of bpy-UiO-Fe(OH), and its homogeneous counterpart bpy-Fe(OH)s.
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Effect of Reaction Time:

The impact of reaction time is a crucial parameter providing comprehensive insights into the catalytic
performance of the catalyst. The influence of reaction time on benzene hydroxylation was assessed within
1-6 h (Figure 6.3b). The data obtained demonstrated a direct proportionality between phenol yield and
reaction time. The highest phenol selectivity of 99% with a phenol yield of 88% was achieved after 4 h.
Although the maximum phenol yield of 90% occurred after 5 h, phenol selectivity reduced to 94%.Further
increasing the reaction time led to a slight decrease in the phenol yield due to the overoxidation of phenol

into hydroquinone and benzoquinone as the secondary products.

Effect of Benzene/H204 Molar Ratio:

To achieve a maximum yield of phenol using UiO-bpy-Fe(OH), as a catalyst, we conducted careful ad-
justments to the benzene to hydrogen peroxide ratio, recognizing that an excessive amount of HoO5 could
adversely affect the oxidation process. The impact of the benzene to HoOs molar ratio on the hydroxylation
of phenol was investigated in the range 1:3 - 1:12, as illustrated in Figure 6.3c. The yield of phenol increased
upon increasing the benzene to HoOo molar ratio, reaching its climax at the molar ratio of 1:5 with a HyO9
utilization efficiency of 18.6% with phenol selectivity >99%. Beyond this ratio with a higher proportion of
H50,, the yield of phenol started declining. When the benzene/H05 ratio is reduced to 1:3, the HyOq
efficiency significantly increases to 33.5% with a relatively lower benzene conversion. The increase in the
phenol yield with an elevated benzene/hydrogen peroxide molar ratio is attributed to the presence of a
significant amount of HyO9 (Figure 6.3¢), leading to a greater production of hydroxyl radicals. Employing a
molar ratio of 1:8 or higher for benzene to HyO5 resulted in the overoxidation of phenol into hydroquinone
and benzoquinone. Under the optimized reaction conditions of 10 mg of bpy-UiO-Fe(OH), (6.9 umol of Fe)
at 60 °C for 4 h, 2.96 mmol of phenol was afforded in 99% selectivity with a productivity of 1261 mmolpn,on
gre ! ht (entry 1, Table 6.1).

6.2.3 Control Experiments

Several control experiments were conducted to elucidate the actual catalytic species in
bpy-UiO-Fe(OH)q-catalyzed hydroxylation of benzene to phenol. Reactions (a) without the
bpy-UiO-Fe(OH), catalyst (entry 2, Table 6.1), (b) with the pristine bpy-UiO MOF (entry
5, Table 6.1), (c) with bpy-UiO-FeCl, (entry 6, Table 6.1), and (d) Fe nanoparticles (entry
9, Table 6.1) all yielded a negligible quantity of phenol, confirming that bpy-UiO-Fe(OH), is
the active catalyst for benzene hydroxylation. The hydroxylation of benzene stopped when
the solid bpy-UiO-Fe MOF was removed from the reaction mixture, thereby confirming that
the active catalytic species was embedded within the MOF solid (Figure 6.9). Bpy-UiO-Fe

could be recycled and reused at least three times without any significant loss in its activity
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or selectivity for phenol in benzene hydroxylation, demonstrating the robustness and het-
erogeneity of the MOF catalyst. The percentage of leached Fe or Zr into the supernatant
after the first run was 0.03 and 0.8%, respectively, and 0.07 and 1.2%, respectively, after the
second run, as analyzed by ICP-OES. Importantly, bpy-UiO-Fe(OH), is 2.5 times more ac-
tive and significantly more selective than its homogeneous counterpart, bipyridine-Fe(OH),.
The time evolution plot of bpy-UiO-Fe(OH), (0.31% Fe-loading)-catalyzed benzene hydrox-
ylation showed a linear production of phenol with 99% selectivity with time until the com-
plete conversion of benzene in 4 h. In contrast, under identical reaction conditions and
Fe-loading, bipyridine-Fe(OH), gave phenol in only 24% yield in 4 h with 74% selectivity
(Figure 6.3d). This enhanced catalytic activity of bpy-UiO-Fe(OH), over its homogeneous
control is attributed to the active site isolation of the bpy-Fe(OH), moiety by the solid
MOF that prevents intermolecular decomposition. Moreover, the exceptional selectivity of
bpy-UiO-Fe(OH), in benzene to phenol conversion originated via shape-selective catalysis,
where the confined reaction space within the porous MOF prevents the formation of larger
overoxidized products such as benzoquinone or hydroquinone, leading to the formation of

only the smaller-sized monohydroxylated product, phenol.

6.2.4 Mechanism Exploration of Bpy-UiO-Fe(OH),-Catalyzed Oxidation of Ben-

zene

We next investigated the mechanism of bpy-UiO-Fe(OH)s-catalyzed benzene hydroxylation by characterizing
the catalyst after catalysis, identifying reaction intermediates, and computational studies. The PXRD
pattern of the recovered bpy-UiO-Fe MOF after catalysis suggests that the structure and crystallinity of
the MOF remained unchanged during catalysis (Figure 6.1b). In addition, the absence of any characteristic
peak of metallic iron at a higher 20 angle in the same PXRD pattern indicates that Fe nanoparticles or
metallic Fe particulates did not form during the oxidation reaction (Figure 6.1b). Furthermore, the k-
weighted wavelet transform of Fe foil exhibited Fe-Fe scattering at a k-value of 7.8 A, which is absent
in the wavelet-transformed plots of both bpy-UiO-Fe(OH), and recovered bpy-UiO-Fe after catalysis. The
only significant scattering of MOFs was observed at ~4.2 A-1, which is attributed to single scattering from
the Fe-O/N paths. The EXAFS features and wavelet transform plot suggest that Fe nanoparticles and any
iron oxides were not formed during catalysis. The pre-edge energy of Fe within the recovered bpy-UiO-Fe at
7116 eV in the XANES spectrum suggests the formation of a Fe3" species after catalysis (Figure 6.2a). The
presence of the Fe3" ion in the recovered bpy-UiO-Fe MOF after catalysis is also corroborated by the Fe
2p XPS spectrum, displaying Fe 2p3/, and 2p;/» binding energy peaks at 711.9 and 725.5 eV, respectively
(Figure 6.1e). The X-band EPR spectrum of bpy-UiO-Fe MOF after catalysis reveals a broad signal centered
at g = 2.025 (Figure 6.1g), which closely resembles a free electron (g = 2.0023), suggesting an octahedral
and high-spin Fe?t species with low magnetic anisotropy. %% The analysis of Fe-K edge EXAFS data of
the recovered bpy-UiO-Fe after catalysis suggests the existence of (bpy)Fe''(OH)3(OHs) species within the
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MOF, in which a Fe3* ion octahedrally coordinated with two nitrogens of bipyridine, three OH groups,
and one water molecule (Figure 6.2d). Importantly, UiO-MOF-supported (bpy)Fe!'!(OH)3(OH,) [bpy-UiO-
Fe!'l(OH)3] synthesized via postsynthetic metalation of bpy-UiO MOF with a Fe precursor, exhibited similar
catalytic activity and selectivity compared to bpy-UiO-Fe'(OH), (entry 4, Table 6.1), indicating bpy-UiO-
Fel'(OH)3 as the catalytic intermediate as well as the catalyst resting state in benzene hydroxylation.
The EPR spectrum of a mixture of bpy-UiO-Fe(OH), and H302 along with 5,5'-dimethyl-1-pyrroline-N-
oxide as a radical trapping agent in HyO at room temperature displayed a "OH radical signal, suggesting
bpy-UiO-Fe(OH)o-mediated “OH radical generation from Hy0,.242%77 *OH signals were also observed in
the EPR spectrum of the reaction mixture after catalysis. However, no ‘OH signals were detected in the
reaction mixture without the MOF catalyst, suggesting the involvement of ‘OH in the benzene hydroxylation
(Figure 6.4). During the reaction, in situ X-band EPR spectroscopy was employed on the MOF, showing
no discernible Fe(IV) peak with g-values at 8.19 and 4.06, effectively excluding the possibility of Fe(IV)

formation as an intermediate species. 787

Benzene + HpO» (no catalyst, 60 °C)

Benzene + H,0, + bpy-UiO-Fe(OH), (after catalysis)

* simulated DMPO-OH

Qsimulated DMPO-degraded

3420 3440 3460 3480 3500
Magnetic Field (Gauss)

Figure 6.4: X-band (9.85 GHz) EPR spectroscopic spin-trapping experiments. The EPR
spectrum from DMPO spin-trapping experiment of uncatalyzed benzene hy-
droxylation by HyOy at 60 °C (wine), bpy-UiO-Fe(OH),-catalyzed oxidation of
benzene by HyOs at 60 °C for 4 h (black), simulated DMPO-OH (red), and
simulated DMPO-degraded adducts during the reaction (blue).

Based on the above spectroscopic data and control experiments, we propose a radical mech-
anism for bpy-UiO-Fe(OH),-mediated benzene to phenol conversion. 422257380 The coor-
dination of HyOy to the Fe?" ion of bpy-UiO-Fe(OH), forms INT-1, which subsequently
transforms into bpy-UiO-Fe(OH); (INT-2) with generation of the "OH radical. Then,
the "OH radical reacts with the benzene C-H bond and generates the benzene-OH radical
adduct, which further interacts with bpy-UiO-Fe(OH); (INT-2) to yield INT-3. INT-2 is
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Figure 6.5: (a) Proposed catalytic cycle of bpy-UiO-Fe-catalyzed selective benzene oxidation
to phenol. (b) DFT-calculated free energy diagram at 333.15 K for bpy-UiO-Fe-

catalyzed benzene to phenol conversion.

transformed into INT-3 by liberation of a "OH. The "OH then abstracts a hydrogen atom of
the benzene-OH adduct in INT-3, resulting in the release of HyO and phenol as products
and regenerate the bpy-UiO-Fe(OH), catalyst. To gain deeper insights into the reaction
pathway, we computed the whole catalytic cycle by DFT using the B3LYP /D3 method and
a def2-TZVP basis set on Gaussian 16 software (Figure 6.5). Geometry optimization was
completed for all of the considered spin states. DFT-calculated free energy diagram at 333.15
K for bpy-UiO-Fe-catalyzed benzene to phenol conversion revealed that the coordination of
H,0, with the bpy-UiO-Fe(OH)s MOF is energetically favorable by 15.03 keal /mol.

6.3 Experimental Section

6.3.1 Synthesis and Characterization of Bpy-UiO-Fe MOF

Synthesis of [2,2'-bipyridine]-5,5'-dicarboxylic acid.

[2,2"-bipyridine]-5,5'-dicarboxylic acid was synthesised by a modified reported procedure.®°
5,5’-Dimethyl-2,2"-bipyridyl (0.500 g, 2.74 mmol), NaOH (0.030 g, 0.75 mmol), and deionized
water (12 mL) were placed in a round-bottom flask. The mixture was stirred at 70 °C. Then
1.48 g of NaOH (0.037 mol) was added slowly into the mixture (pH = 12). The resulting
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CO,H
[ >
N KMno,, NaOH P
H,O, 12 M HCI
Zaa\ N
N | . I
CO,H

mixture became clear. After 1 hour of stirring, finely powdered KMnO, (2.140 g, 0.0135 mol)
was added into the flask in small portions and was kept overnight at 90 °C. The mixture was
cooled at room temperature and filtered. The filtrate was acidified with 12 M HCl. White
solid obtained from the resulting mixture after 10 h is analyzed by 'H NMR. 'H NMR (500
MHz, DMSO-dg): ¢ 13.52 (s, 2 H), 9.20 (s, 2 H), 8.58 (d, 3Jy.n = 8.8 Hz, 2 H), 8.46 (d,
3Jun = 8.4 Hz, 2 H).®

Synthesis of Bpy-UiO.

CO,H
B [
2N zic1,, TFA N
—_ >
o~y 100°C _
[ 4 days |
NS NS
CO,H

[2,2"-bipyridine|-5,5"-dicarboxylic acid (0.027 g, 0.111 mmol) and ZrCl, (0.026 g, 0.112 mmol)
were dissolved in 13 mL DMF. After sonication for 30 minutes, TFA (0.040 mL, 0.523 mmol)
was added, and the resultant mixture was heated in a sealed 15 mL glass vial at 100 °C for 4
days in an oven.®? The reaction mixture was allowed to cool at room temperature, and the
white crystalline solid was isolated after centrifugation. The MOF was washed with DMF
multiple times, followed by THF and stored in THF at room temperature.

Synthesis of Bpy-UiO-Fe(OH)..
A solution of FeCly (0.003 g, 0.024 mmol) in THF was added to bpy-UiO MOF and kept

overnight with periodic shaking at room temperature inside the glovebox. The purple solid

was centrifuged out of solution and washed 8-10 times with THF to give bpy-UiO-FeCl;
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MOF. Bpy-UiO-FeCly (ZrgCroHyoN12032Fes 4Clyg) has 40% Fe-loading with respect to bpy
moiety as analyzed by ICP-OES.

NaEt3BH (35 pL, 1 M in toluene) was added dropwise to the vial containing slurry of bpy-UiO-FeCly
(0.016 g, 0.006 mmol) in 3 mL THF inside the glovebox and was kept at room temperature for 1 h. The
resultant dark green solid of bpy-UiO-FeH, was separated via centrifugation and washed several times with
THF to remove excess NaEt3BH. Bpy-UiO-FeH,; was taken out of the glovebox and was kept in water
for 30 minutes to afford bpy-UiO-Fe(OH)s. The bpy-UiO-Fe(OH)o has 49% solvent weight analysed by
thermogravimetric analysis and 40% iron loading with respect to bpy-moiety as analyzed by ICP-OES, with

the formula Zr6 C72H44.8N12036,8F62'4 .
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— bpy-UiO-Fe(OH),
80+ 80
B 8
c 40.4% - bpy-UiO
5 6042 5 601  ——bpy-Uio-Fe(oH),
g _______ 4 5.5%: %’ 67%
40 - W 404 —
: —
L}
20 4 . 20 -
)
L}
L}
0 I‘ T 0 T T T T
200 400 600 200 300 400 500 600
Temperature (°C) Temperature (°C)

Figure 6.6: (a) TGA curve of freshly prepared bpy-UiO and bpy-UiO-Fe(OH),. A solvent
weight loss, attributed to THF within the pores, of 48.8% in bpy-UiO (black)
and 40.4% in bpy-UiO-Fe(OH), (red) was observed from 40 °C to 200 °C. (b)
TGA curve of freshly prepared bpy-UiO (black) and bpy-UiO-Fe (red) from 200-
600 °C. The increased weight of metalated MOF is due to the presence of iron
within the MOF.
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Table 6.2: Determination of defect sites in bpy-UiO and bpy-UiO-Fe(OH); MOF by TGA

analysis.
% Solvnet |% Linker | % Residue

Calculated - 68 32

Bpy-UiO TGA 49 27 17

Corrected - 67 33

Calculated - 62 38

Bpy-UiO-Fe(OH)2(40 % Fe-loading) TGA 40 36 24
Corrected - 61 39

Theoretical Calculation

(a) For bpy-UiO with formula [Zr;O4(OH)4(bpy)s):

1 mole of bpy-UiO = 6 moles linker (C;,HgN204)

2132.5 g of ZrgO4(OH)4(bpy)s = 1453.12 g linker

1453.12
2132.5

% Linker = ( ) x 100 = 68%

% Residue = 100 — 68 = 32%

(b) For bpy-UiO-Fe(OH),, with formula [Zr;CroHy4 8N12036 8Fe2 4):

1 mole of bpy-UiO-Fe(OH), = 6 moles linker (C,,HgN20O4)

2348.2 g of ZrgO4(OH)4(bpy)s = 1453.12 g linker

1453.12
2348.2

% Linker = ( ) x 100 = 62%

% Residue = 100 — 62 = 38%

6.3.2 Bpy-UiO-Fe catalyzed hydroxylation of benzene

Typical procedure for Bpy-UiO-Fe catalyzed oxidation of benzene to phneol
using H5O».

Solid bpy-UiO-Fe(OH), (0.31 mol% Fe) in 4 mL solvent was transferred into a 25 mL Schlenk
tube placed in an oil bath at 60 °C and equipped with a water-cooled condenser. Then 30%
Hy05 (5 eq.) in water along with benzene (300 pL, 3.372 mmol) was added dropwise. After
the reaction was completed, the solid MOF was centrifuged out of the suspension, followed
by several washing with acetonitrile (CH3CN) and can be reused. The remaining organic

extract were concentrated in vacuo to yield phenol as the pure product
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Figure 6.7: IR spectra (KBr) of freshly prepared bpy-UiO (black), bpy-UiO-FeCl; (red), and
bpy-UiO-Fe(OH), (blue).

Figure 6.8: SEM image of bpy-UiO-Fe(OH), particles, and the SEM-EDX mapping of Fe
and Zr of the respective particles. The uniform distribution of Fe and Zr suggests

Fe and Zr are homogeneously distributed throughout the MOF.
OH
bpy-UiO-Fe(OH),
> + Hzo
H,0,, CH3CN, water

60 °C

Effect of mole ratio (benzene:H,0,) variation on the % conversion, % phenol

selectivity and H,O, efficiency.

transferred into a 25 mL Schlenk tube placed in an oil bath at 60 °C and equipped with a
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water-cooled condenser. Then 30% H,0O, in water (2, 5, 8, 11 eq.) along with benzene (300
puLi, 3.372 mmol) was added dropwise. After 4 h, the solid MOF was centrifuged out of the
suspension, followed by several washing with CH3CN and can be reused. The remaining
organic extract were concentrated in vacuo and analysed by GC-FID. Hydroquinone and
benzoquinone were obtained as the side products in case of benzene:H,O5 molar ratios of

1:8 and 1:11 resulting in lower phenol selectivity of 98% and 92% respectively.

% conversion with time for benzene hydroxylation to phenol catalyzed by bpy-

UiO-Fe(OH),

Solid bpy-UiO-Fe(OH), (0.31 mol% Fe) in a 4 mL mixture of CH;CN and water (1:1) was
transferred into a 25 mL Schlenk tube placed in an oil bath at 60 °C and equipped with a
water-cooled condenser. Then, 30% HyO, in water (5 equiv) along with benzene (300 pL,
3.372 mmol) was added dropwise. Reactions were analyzed at different times using GC-FID,
and it was observed that the % conversion increased with time, reaching a maximum of 88%
after 4 h. Upon further increasing the reaction time, the % conversion remained nearly

constant with a slight decrease in selectivity.

Effect of temperature on % conversion and phenol selectivity for bpy-UiO-

Fe(OH), catalyzed selective hydroxylation of benzene to phenol.

Solid bpy-UiO-Fe(OH)y (0.31 mol% Fe) in 4 mL mixture of CH3CN and water (1:1) was
transferred into a 25 mL Schlenk tube placed in an oil bath at different temperatures (30,
40, 50, 60 and 70 °C) and equipped with a water-cooled condenser. Then 30% HyO, in
water (5 eq.) along with benzene (300 pL, 3.372 mmol) was added dropwise. After 4 h, the
solid MOF was centrifuged out of the suspension, followed by several washing with CH3CN

and can be reused. The remaining organic extract were concentrated in vacuo and analysed

by GC-FID.

6.3.3 Catalytic testing of Fe nanoparticles.

A 3 mL THF solution of FeCly. (0.7 mg, 0.31 mol% Fe) was first treated with NaEt;BH (200

pL, 1 M in toluene) for 1 h. Fe nanoparticles settled down as black solid, was centrifuged
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out and washed with THF multiple times, followed by CH3CN. Fe nanoparticles were then
used to setup the reaction. In a Schlenk tube, Fe nanoparticles were added along with 4
mL water and CH3CN (1:1) and the Schlenk tube was placed in an oil bath at 60 °C and
equipped with a water-cooled reflux condenser. Then 300 ul of benzene (3.372 mmol) and
5 eq. of HyOy were added. After 4 h, reaction mixture was filtered to separate the solid

nanoparticles and the solution was analysed by GC-FID.

6.3.4 Test for “heterogeneity of bpy-UiO-Fe(OH), in benzene hydroxylation to
phenol.

solid H,0,, 60 °C, 4 h
CH3CN:H,O (1:1)

®

Supernatant 0 » No further conversion
H20,, 60 °C, 4 h of benzene

CH3CN:H,0 (1:1)

© OH
bpy-UiO-Fe(OH), > ©

OH

bpy-UiO-Fe(OH), _
H,0,,60°C,4h

CH43CN:H,0 (1:1)

centrifugation 88%

88%

Figure 6.9: Test for “heterogeneity of bpy-UiO-Fe(OH), in benzene hydroxylation to phenol.

Bpy-UiO-Fe(OH), (0.31 mol% Fe) in 4 mL of CH3CN and water (1:1) was transferred into
a 25 mL Schlenk tube. The Schlenk tube was placed in oil bath at temperature of 60 °C
and equipped with a water-cooled reflux condenser. To the mixture, benzene (300 pL, 3.37
mmol) was added. Then HyOs (5 eq.) was added dropwise for 4 h. After the reaction
was completed, the solid MOF was removed from suspension to separate the solid and the
supernatant and washed with CH3CN multiple times. The conversion analysed by taking

aliquots from the supernatant gave 88% phenol.

Two reactions were set up separately in two different Schlenk tubes, one with the solid and
the other one with the supernatant recovered from the previous reaction. The extracted solid
and supernatant were added into two separate tubes, both the Schlenk tubes were placed
in oil bath at temperature of 60 °C and equipped with a water-cooled reflux condenser and

benzene (300 pL, 3.37 mmol), 5 eq. HyO,, and 4 mL of CH3CN and water (1:1) were added
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to each tube. After 4 h, the reactions were analysed with the GC-FID, which showed that
the reaction with the solid MOF gave 88% yield, while the reaction with supernatant gave
no further conversion of benzene into phenol. This experiment excludes the potential of any
leached Fe-species responsible for catalysis and confirms that solid bpy-UiO-Fe(OH), was

the actual catalyst for the oxidation of benzene.

6.3.5 Radical Scavenging Experiment.

To investigate the role of any ‘OH in the bpy-UiO-Fe(OH), catalysed selective hydroxylation
of benzene, catalysis have been performed in the presence of radical scavengers such as

NaySOs, tert-butyl alcohol (TBA) and isopropyl alcohol (IPA).

Radical scavenging experiment using Na;SOj; as the radical scavenger.

Solid bpy-UiO-Fe(OH), (0.31 mol% Fe) in 4 mL solvent was transferred into a 25 mL Schlenk
tube placed in an oil bath at 60 °C and equipped with a water-cooled condenser. Then, 10
mmol of NaySO3 was added as the radical scavenger, followed by 30% H2O (5 eq.) in water
along with benzene (300 pL, 3.372 mmol). After 4 h, the solid MOF was centrifuged out of

the suspension, and the solution was analysed by GC-FID.

Radical scavenging experiment using tert-butyl alcohol (TBA) as the radical

scavenger.

Solid bpy-UiO-Fe(OH), (0.31 mol% Fe) in 4 mL solvent was transferred into a 25 mL Schlenk
tube placed in an oil bath at 60 °C and equipped with a water-cooled condenser. Then, 10
mmol of TBA was added as the radical scavenger, followed by 30% H;05 (5 eq.) in water
along with benzene (300 pL, 3.372 mmol). After 4 h, the solid MOF was centrifuged out of

the suspension, and the solution was analysed by GC-FID.
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Radical scavenging experiment using isopropyl alcohol (IPA) as the radical scav-

enger.

Solid bpy-UiO-Fe(OH), (0.31 mol% Fe) in 4 mL solvent was transferred into a 25 mL Schlenk
tube placed in an oil bath at 60 °C and equipped with a water-cooled condenser. Then, 10
mmol of TPA was added as the radical scavenger, followed by 30% H2O, (5 eq.) in water
along with benzene (300 pL, 3.372 mmol). After 4 h, the solid MOF was centrifuged out of
the suspension, and the solution was analysed by GC-FID.

No scavneger  Na,SO, TBA IPA

100

80

(o]
o
1

PhOH yield (%)
D
o

N
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Figure 6.10: Radical scavenger tests. Reaction conditions: bpy-UiO-Fe(OH)y (0.31 mol%
Fe), benzene (3.372 mmol), 60 °C, Hy20, (30%) (5 eq.), 4 mL water:CH3CN
(1:1), trapping agent (10 mmol).

Table 6.3: Simulated parameters of EPR spectroscopic spin-trapping experiments for bpy-
UiO-Fe(OH), catalysed oxidation of benzene. 242583

Adducts |g-factor | AN (G)|A“N (G)|lw (mt)?
DMPO-OH 2.001 14.9 14.9 1.6
DMPOegradea | 2.001 14.8 - 1.8

2The linewidth (lw, in mT) defines the FWHM (full width at half height)

of the absorption Gaussian (first number).

We conclude that the presence of the radical scavenger (NasSO3z, TBA, IPA) drastically
decrease the rate of the oxidation of benzene to phenol catalysed by bpy-UiO-Fe(OH),,

which illustrates that ‘OH radicals plays a vital role in the mechanistic pathway.
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6.3.6 DFT Calculations

All quantum chemical calculations were done using the density functional theory (DFT)
functional B3LYP-D3/def2-TZVP as implemented in the Gaussian 16 software suite. 5488
Electronic structure complexes were optimized at the unrestricted level. Dispersion in-
teractions were considered by incorporating the D3 scheme of Grimme.®® All calculations
were performed in the solvated state and at 333.15 K. We used the Polarizable Continuum
Model (PCM) using the integral equation formalism variant (IEFPCM) as the default SCRF
method by using CH3CN as the solvent in this DFT calculation. Each structure was first
optimized, and then frequency calculation was performed to confirm its geometry and to
obtain the thermochemical data. Bpy-UiO-Fe(OH), was calculated with zero, one, and two
H50 molecule coordinated to Fe. Internal energies were compared directly after accounting
for the difference in the number of coordinated HyO molecules. To reduce the computational

costs, a simplified bipyridyl ligand was used in these calculations.

HO
OH,

\| _OH  H,0,

Q
=g

bpy-UiO-Fe(OH),

N | | h OH
~
\ OH 2
nFe’ N Y on
>N 2 OH Il Fe_
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X
| N $H2 .
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A = III’Fie\OH H
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i .
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bpy-UiO-Fe(OH),
Figure 6.11: Proposed catalytic cycle of bpy-UiO-Fe-catalyzed selective benzene oxidation
to phenol.
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Table 6.4: Relative energies of the structures in different spin states. All structures are

geometry optimized.

S=0 |S=1/2| S=1 [S=3/2| S=2 |S=5/2
O.S. |singlet |doublet |triplet | quartet | quintet | sextet
bpy-Fe(OH) | Fe (II) | 25.32 3.23 0.00
INT-1 Fe (IT) | 8.22 -10.73 -15.03
INT-2 Fe (III) 2.84 -10.92 -19.72
INT-3 Fe (III) 20.95 22.72 10.31
— singlet
30 — ——doublet
— — triplet
- quartet
10.31 —— quintet
‘ _— , |NT_3\\ — sextet
~ 7 0 ~~. // \\\
© bpy-Fe(OH),  ~~< _ L — - .
< BT ; "
- 19.72 \
2 30 — INT-2 \
@] \\ -
¢ \
O \
d \ -62.5
-60 - —
bpy-Fe(OH),
+PhOH

Reaction Coordinate ———

Figure 6.12: DFT-calculated free energy diagram of benzene oxidation to phenol over bpy-

UiO-Fe(OH), at 333 K.

In bpy-Fe(OH)s and INT-1, according to the DFT calculations, the most stable spin state

for Fe(II) is predicted to be quintet (S=2) as indicated in Table 6.4. The singlet spin state

for these structures are higher in energy. On the other hand, in INT-2 and INT-3, where

Fe is in +3 oxidation state, the sextet is the most stable spin state. To further verify the

validity of these spin states for the various intermediates involved in the mechanism, we

computed the relative energies for all possible spin states, which are provided in Table 6.4.
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Bpy-UiO-Fe(OH); (INT-2) INT-3

Figure 6.13: DFT-optimized structures of intermediates for bpy-UiO-Fe(OH), catalyzed ox-

idation of benzene to phenol.
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6.3.7 X-ray absorption spectroscopic analysis (XAS)

X-ray Near-Edge Structure (XANES) and Extended X-ray Absorption Fine Structure (EX-
AFS) measurements have been carried out at the Energy-Scanning EXAFS beamline (BL-9)
at the Indus-2 Synchrotron Source at Raja Ramanna Centre for Advanced Technology
(RRCAT), Indore, India.? All the measurements were performed at room temperature. This
beamline operates in the energy range of 4 keV to 25 keV. The beamline optics consist of a
Rh/Pt coated collimating meridional cylindrical mirror and the collimated beam reflected by
the mirror is monochromatized by a Si (111) based double crystal monochromator (DCM).
The second crystal of the DCM is a sagittal cylindrical crystal which is used for horizontal
focusing of the beam while another Rh/Pt coated bendable post mirror facing downward
is used for vertical focusing of the beam at the sample position. Two ionization chambers
(300 mm length each) have been used for data collection in the transmission mode; one ion-
ization chamber for measuring incident flux, the second one for measuring transmitted flux.
For energy calibration, standard metal foils were used. Appropriate gas pressure and gas
mixture have been chosen to achieve 10-20% absorption in the first ionization chamber and
70-90% absorption in the second ionization chamber to obtain a better signal-to-noise ratio.
Pellets were made from powder samples for recording absorption spectra. Sample powder
was mixed homogeneously with cellulose powder in appropriate proportion and pressed (2
Ton) into a 15 mm diameter disc. The amount of the sample was estimated such that to
get a reasonable edge jump at a particular absorption edge of the element to be probed.
Spectra were collected at the iron K-edge in transmission mode and were calibrated against
the reference spectrum of metallic iron (7112 eV). Data were processed using Demeter soft-
ware.?! A metallic iron foil standard was used as a reference for energy calibration and was

measured simultaneously with experimental samples.

XANES analysis

The oxidation state of Fe within bpy-UiO-Fe(OH)swere determined by comparison of its
pre-edge position with that of FeCly. The position of the pre-edge of bpy-UiO-Fe(OH),
(7112.4 €V) aligned well with that of FeCly (7112 €V) and position of pre-edge of bpy-UiO-Fe
after oxidation of benzene aligned well with that of Fe(OH)s (7114 eV). We, therefore, con-
cluded that Fe ion in bpy-UiO-Fe(OH), and bpy-UiO-Fe after oxidation of benzene has +2




6.3 Experimental Section 253

Fe,04
Fe(OH),

—— Bpy-UiO-Fe after catalysis

— Bpy-UiO-Fe(OH),

— FeCl,

Fe foil

Normalized y,,(E)

T T T T
7050 7100 7150 7200 7250 7300
Energy (eV)

Figure 6.14: pu(E) XAS spectra of metallic Fe(0) foil (black), bpy-UiO-Fe(OH), (green),
bpy-UiO-Fe after catalysis of benzene oxidation to phenol (dark blue), Fe;O3
(magenta), Fe(OH); (light blue) and FeCly (red).

and +3 oxidation state, respectively. Furthermore, a smaller intensity of pre-edge indicates

the presence of octahedral geometry.

EXAFS fitting using DFT optimized structures.

The spectra were calibrated against the reference spectra and aligned to the first peak in the
smoothed first derivative of the absorption spectrum, the background noise was removed,
and the spectra were processed to obtain a normalized unit edge step. The fitting parameters
of bpy-UiO-Fe(OH),, bpy-UiO-Fe after oxidation of benzene are summarized in Table 6.5
and Table 6.6, respectively.
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Figure 6.15: (a) EXAFS spectra (red and blue hollow triangles) and fits (red solid and blue
dashed line) of bpy-UiO-Fe(OH),(H,0), in the R space from 1.2 to 3.5 A. (b)
DFT optimized structure of bpy-UiO-Fe(OH),(H20),
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Figure 6.16: (a) EXAFS spectra (green and brown hollow triangles) and fits (green solid
and brown dashed line) of bpy-UiO-Fe(OH)3(H20) in the R space from 1.2 to
3.5 A. (b) DFT optimized structure of bpy-UiO-Fe(OH)3(H,0).
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Table 6.5: Summary of EXAFS parameters of bpy-UiO-Fe(OH)s(H50)s.

Sample Bpy-UiO- Fitting range kE (3-12.5 A1)
Fe(OH),(H,0), R (1.2-3.5 A)

Independent 13 R-factor 0.01

points

Variables 8 So? 0.74

Reduced  chi-|45.56 AE, (eV) 0.54

square

R (Fe-022) (A) [2.09+0.06 0?(Fe-022) (A?%)[0.00140.001

R(Fe-024) (A) [1.940.01 o?(Fe-024) (A?)[0.001+0.001

R(Fe-026) (A) [1.940.01 0%(Fe-026) (A?)[0.002+0.003

R(Fe-028) (A) [2.0940.06 0%(Fe-028) (A?)[0.002+0.003

R(Fe-N19) (A) [2.034+0.06 0%(Fe-IN19) (A2)[0.001+0.002

R(Fe-N20) (A) [2.03+0.06 0%(Fe-IN20) (A2%)[0.001+0.002

R(Fe-C3) (A) [3.09+0.03 o?(Fe-C3) (A?) [0.00240.003

R(Fe-C4) (A) [3.09+0.03 o?(Fe-C4) (A?) [0.00240.003

R(Fe-C14) (A) [3.09+0.03 o?(Fe-C14) (A?)[0.00240.003

R (Fe-C10) (A) [3.09+0.03 0?(Fe-C10) (A?)[0.00240.003

Table 6.6: Summary of EXAFS parameters of bpy-UiO-Fe(OH)3(H50).

Sample Bpy-UiO- Fitting range |k (3-12.5 A7)
Fe(OH)3(H,0) R (1.2-3.5 A)

Independent 13 R-factor 0.01

points

Variables 8 So2 0.74

Reduced  chi-|56.226 AE, (eV) 0.54

square

R(Fe-026) (A)  [1.940.01 0%(Fe-026) (A%)[0.001+0.001

R(Fe-024) (A)  [1.9+0.01 0%(Fe-024)(A?) [0.001+0.001

R(Fe-022) (A)  [2.03+0.06 0%(Fe-022) (A?)]0.002+0.003

R(Fe-028) (A)  [2.0940.06 0%(Fe-028) (A%)[0.002+0.003

R(Fe-N19) (A)  [2.03£0.06 0?(Fe-N19) (A?)[0.00140.002

R(Fe-N20) (A)  [2.03+0.06 0?(Fe-N20) (A?)[0.00140.002

R(Fe-C3) (A) 3.09+0.03 o?(Fe-C3) (A?) [0.00240.003

R(Fe-C4) (A) 3.09+0.03 o?(Fe-C4) (A?) [0.002+0.003

R(Fe-C14) (A)  [3.0940.03 o%(Fe-C14) (A?)[0.002+0.003

R(Fe-C10) (A)  [3.0940.03 v2(Fe-C10) (A?)[0.002+0.003
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a Data
—— bpy-UiO-Fe(OH), {R factor = 0.008}
—— 95% bpy-UiO-Fe(OH),+ 5% Fe nanoparticles {R factor = 0.04}
—— 75% bpy-UiO-Fe(OH),+ 25% Fe nanoparticles {R factor = 0.16}
—— 50% bpy-UiO-Fe(OH), + 50% Fe nanoparticles {R factor = 0.29}
20% bpy-UiO-Fe(OH),+ 80% Fe nanoparticles {R factor = 0.72}

IX(R)|(A-3)

R(A)

Figure 6.17: EXAFS spectrum of bpy-UiO-Fe(OH), fitted with; 5% Fe (0) and 95% bpy-
UiO-Fe(OH)s; 25% Fe (0) and 75% bpy-UiO-Fe(OH)s; 50% Fe (0) and 50%
bpy-UiO-Fe(OH)s,; and 80% Fe(0) and 20% bpy-UiO-Fe(OH),. The significant
misfits indicates that bpy-UiO-Fe(OH), does not contain any Fe-nanoparticles.

bpy-UiO-Fe after catalysis

R+ a(A)
Wk N W R N WRE N W

N

=

8 10 12

6
k (A
Figure 6.18: Wavelet transform for the k*-weighted EXAFS signal at the Fe K-edge.
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The wavelet transform provides a more detailed analysis of the local structure around
the Fe atoms compared to traditional EXAFS. As shown in Figure 6.18, the k?-weighted
wavelet transform of Fe foil exhibits a clear scattering feature at 7.8 A!, corresponding
to Fe—Fe interactions. However, this Fe-Fe scattering is absent in the wavelet transform
of bpy-UiO-Fe(OH),. The only significant scattering observed in bpy-UiO-Fe(OH), occurs
at around 4.2 A!, which can be attributed to single scattering from Fe-O /N paths. The
EXAFS features and wavelet transform plot collectively suggest that the Fe species in the
MOF is solely coordinated by O and N atoms, without any Fe neighbors.

6.3.8 XPS analysis of bpy-UiO-FeCl,, bpy-UiO-Fe(OH),, bpy-UiO-Fe after catal-

ysis.

All the binding energies were corrected with reference to the Cls peak at 284.8 eV. MUL-

TTIPAK software was used for peak analysis and de-convolution studies.

@ ®[ > paa ©[ - Dpaa
[ Fe) 2py, i) [zrv3dg,
[Tre() 2p,, gsﬁ |:|2|'N3d3/2
[IFe() 2py, b —— Background
[JFe(l) 2py, E ]
—— Backgroud
A
200 200 600 800 740 730 720 710 700 190 185 180
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 6.19: (a) Raw XPS data of bpy-UiO-FeCl,. (b) XPS fitting of iron in bpy-UiO-FeCl,.
(c) XPS fitting of zirconium in bpy-UiO-FeCl,.

(@ O Do ©)| - pata

O1s [IFe(il) 2pgy, [zrVadg,
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Cls B
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Zr 3d Fe 2p
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Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 6.20: (a) Raw XPS data of bpy-UiO-Fe(OH),. (b) XPS fitting of iron in bpy-UiO-
Fe(OH),. (c) XPS fitting of zirconium in bpy-UiO-Fe(OH)s,.
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Figure 6.21: (a) Raw XPS data of bpy-UiO-Fe after catalysis. (b) XPS fitting of iron in
bpy-UiO-Fe after catalysis (c) XPS fitting of zirconium in bpy-UiO-Fe after

catalysis.

6.3.9 GC-FID Spectra

The chromatographic conditions are as follows; Carrier gas: nitrogen, injection volume 1
L, column oven temperature was initially 4 °C, and then increased up to 70 °C, with the
rate of 5 °C/min and then increased to 200 °C, with the rate of 20 °C/min and detector
temperature was 250 °C. Products were quantified using a calibration plot of bromobenzene

as the internal standard.

» J
) ¥ : | Im:'nn;-m:ndnrd |

b i¥

Figure 6.22: Raw GC-FID spectra of bpy-UiO-Fe(OH), (0.31 mol% Fe) catalysed hydroxy-
lation of benzene for 4 h at 60 °C. Reaction conditions: benzene (0.3 mL, 3.37
mmol), 30% H202 (5 eq.), CH3CN:water [(1:1), 4 mL].
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6.3 Experimental Section
S. |Reference Catalyst |Conditions % %
No. Yield |Selec-
of tivity
Phe- |of Phe-
nol nol
1 |ACS Catal. 2015, 5| MIL- Benzene:H,O,  (1:2),{10.3 =99
(11), 6852-6857. 100(Fe)  |CH;CN (4 mL), light
and MIL- |irradiation (A > 420
68(Fe) nm), 8 h.
2 | ACS Catal. 2018, 8,|FeOCl Benzene:H,Oy  (1:1),43.5 100
10668-10675. acetic acid (1 mL), 60
°C,4h
4 | Nat Commun. 2019, |Fe-N,C; |Benzene:H,0, (1:12),|78.4 100
10, 4290. CH,CN, 60 °C, 24 h
5 | Angew. Chem. Int.|SA Fe/C |Benzene:HyOy (1:6),[84.8 99
Ed. 2021, 60, 15248- CH;CN, 60 °C, 24 h
15253.
6 | Natl Sci. Rev.|Cu; /GDY | Benzene:Hy04(1:20), |86 96
2022, 9 (9), 2095 CH,CN, 60 °C, 9 h
5138.
7 |Adv. Sci. 2022, 9,|SA Ni-O-C |Benzene:H,Oo (1:10),]96.4 100
35. electrolyte: KOH
8 |Appl. Catal. A: Gen.|FeCo@QC | Benzene:H,O, (1:10),(26.4 97
2022, 633, 118499. CH4CN, water, 60 °C,
4 h
9 |Appl. Catal. B: En-|Fe-PHI Benzene:H,05 (1:15),45.5 98.5
viron. 2022, 304, H>SOy, 60 °C, 400 W,
120965 22 h
10 |ACS Catal. 2023,|Cu SACs |Benzene:H,0, (1:1),/80 99
13, 1316-1325. CH;CN, 60 °C, 72 h
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S. |Reference Catalyst |Conditions % %
No. Yield |Selec-
of tivity
Phe- |of Phe-
nol nol
11 | ACS Sustain. Chem.|FeN,/CCN|Benzene:H,O, (1:3),]28.1 85
Eng. 2023, 11, 1518- CH3CN, water, 60 °C,
1526. 4 h, visible light (A >
420 nm)
12 | Angew. Chem.|Fe,-NOC | Benzene:H,05 (1:12),146.3 94.9
Int. Ed. 2023, 62, CH3CN, 60 °C, 3 h
€202216062.
13 | This work Bpy- Benzene:H,0, 88 99
UiO- (1:5), CH3CN:H-,0
Fe(OH), |(1:1). 60 °C, 4 h

6.4 Conclusions

In summary, we have successfully synthesized a MOF-supported monomeric bipyridine-li-
gated iron(II) hydroxyl [bpy-UiO-Fe(OH),| via active-site isolation. Bpy-UiO-Fe(OH), is
a highly selective and recyclable catalyst for direct hydroxylation of benzene to produce
phenol with a productivity of 1261 mmolpnon gret h' with 99% selectivity. The specific
pore size of the MOF prevents the formation of larger, overoxidized products like hydro-
quinone and benzoquinone, contributing to its exceptional selectivity. Additionally, the
MOF’s shape-selective catalysis ensures the exclusive formation of phenol, distinguishing it
from the lower selectivity observed with its homogeneous counterpart. EPR spectroscopic
analysis revealed that bpy-UiO-Fe(OH), catalyzes the generation of the -OH radical from
H50,, which is the key species for benzene hydroxylation. Theoretical and experimental
data complemented each other in identifying the catalytic species and the catalyst’s resting
state, thereby guiding the proposal of the benzene hydroxylation reaction mechanism. Our
work thus highlights the importance of MOFs in developing earth-abundant metal catalysts

for economical and environment-friendly production of phenol via direct hydroxylation of
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benzene as an alternative to the conventional cumene process.
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Abstract

The selective oxidation of styrene to value-added products such as benzaldehyde and
benzoic acid is of significant industrial importance. We report the design of a single-
site iron catalyst supported on a bipyridine-functionalized metal-organic framework,
bpy-UiO-Fe(OH)3, which enables selective oxidation of styrene into benzaldehyde or
benzoic acid using HyO, as the oxidant. Systematic optimization of solvent compo-
sition, temperature, and reaction time revealed that benzaldehyde can be obtained
with 100% selectivity at 80 °C in 8 h, while prolonged reactions furnish benzoic acid
in high yields. Control experiments confirmed the heterogeneous, single-site nature
of the catalyst, which remained structurally robust and can be recycled at least three
times with negligible Fe leaching. Mechanistic studies suggest a non-radical pathway
involving epoxide and diol intermediates prior to carbon-carbon bond cleavage. This
work demonstrates the potential of MOF-supported abundant-metal catalysts for sus-

tainable oxidation of alkenes under environmentally benign conditions.

7.1 Introduction

The selective oxidation of styrene is an important industrial process, as its products—
benzaldehyde, benzoic acid, and styrene oxide—are key intermediates in the production of
perfumes, pharmaceuticals, dyes, agrochemicals, and polymer additives.? Traditional pro-
duction methods, such as toluene oxidation or benzyl chloride hydrolysis, often require harsh
conditions, lead to poor selectivity, and generate environmentally harmful chloride waste. %4
Catalytic oxidation of styrene has emerged as a more attractive alternative, allowing for
the direct conversion to benzaldehyde and benzoic acid under relatively mild conditions.
However, conventional oxidants such as peroxyacids,®% manganese dioxide,” osmium tetrox-

1 often generate harmful byproducts, which limits

ide,®? selenium dioxide,'® and ozone,!
their practical use. In contrast, environmentally benign oxidants such as Oy and HyO, offer
sustainable options, though the challenge remains to achieve both high activity and control-

lable selectivity between benzaldehyde and benzoic acid using these oxidants.

A wide range of catalytic systems have been explored for the oxidation of styrene, includ-

ing photocatalysts, 214 heteropolyacids, !® transition-metal complexes with Schiff bases, 618
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Figure 7.1: Postsynthetic metalation of bpy-UiO to form porous Zr-MOF-confined Fe(III)

hydroxyl species for selective oxidation of styrene to benzaldehyde.

and porphyrins.'%2° Most of these homogeneous systems employ oxidants such as HyOs,
TBHP, or O,.167182522 These catalysts typically produce styrene oxide and phenylacetalde-
hyde, with the latter resulting from the isomerization of the epoxide, along with benzalde-
hyde and benzoic acid. Although homogeneous catalysts provide well-defined active sites,
they often suffer from low selectivity, difficult recovery, and limited reusability. To address

these issues, significant efforts have been made to develop heterogeneous systems, includ-

23-25 26-28

ing metal oxides, polyoxometalates (POMs), and metal nanoparticles supported on

silica, zeolites, or carbon materials. 122932

However, many of these catalysts still exhibit
limited selectivity toward benzaldehyde, underscoring the continuing need for efficient, re-

cyclable, and sustainable catalytic alternatives.

Metal-organic frameworks (MOFs) have emerged as versatile platforms for designing ro-
bust, single-site heterogeneous catalysts based on earth-abundant metals.?3 42 Their intrinsic
high porosity, crystallinity, and structural tunability provide unique opportunities for post-
synthetic functionalization. Among them, UiO-type MOFs stand out due to the remark-
able thermal and chemical stability imparted by Zrg(p 3-O)4(ps-OH)y secondary building
units (SBUs) interconnected by linear dicarboxylate linkers.**#5 The post-synthetic mod-
ifications allow precise tailoring of MOF' linkers, enabling the incorporation of metals to
generate single-site base-metal catalysts. The rigid, porous environment of the framework
stabilizes coordinatively unsaturated single-site metal catalytic species and suppresses un-
desired multinuclear aggregation via active-site isolation.%%47 As a result, MOF-supported
catalysts exhibit uniform active sites along with the robustness and recyclability typical

of heterogeneous solids. Building on this foundation, the present work features the devel-
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opment of single-site iron(IIT) hydroxyl species coordinated by the bipyridine linkers of a
bpy-UiO MOF. The resulting MOF-supported mononuclear bipyridyl-iron(I1I) hydroxide
demonstrates excellent activity and recyclability, enabling selective conversion of styrene to

benzaldehyde and benzoic acid using HyO4 as the oxidant.

7.2 Results and Discussion

7.2.1 Synthesis and Characterization of bpy-UiO-Fe(OH)3

A three-step postsynthetic modification was employed to transform pristine bpy-UiO MOF
into the catalytically active bpy-UiO-Fe(OH);. Heating a mixture of ZrCly, |2,2]-bipyridine-
5,5-dicarboxylic acid, and CF3COyH in DMF at 100 °C for 4 days yielded bpy-UiO MOF
in ~69% yield.*® The bpy-UiO framework, composed of ZrgO,(OH), nodes bridged by 2,2-
bipyridine-5,5-dicarboxylate linkers, was post-synthetically metalated by adding a THF so-
lution of FeCl; to yield bpy-UiO-FeCl;. Reaction between bpy-UiO-FeCl; and NaEt;BH
(3.5 eq. with respect to Fe) in THF generated the putative bpy-UiO-FeHs intermediate,
which was then treated with water at room temperature to afford bpy-UiO-Fe(OH)s. Pow-
der X-ray diffraction (PXRD) analysis confirmed that the crystallinity and structure of
bpy-UiO were retained throughout the postsynthetic modification (Figure 7.2a). Inductively
coupled plasma optical emission spectroscopy (ICP-OES) analysis of the digested bpy-UiO-
Fe(OH)3 MOF confirmed Fe incorporation corresponding to 72% of the available bipyridyl
sites. Thermogravimetric analysis (TGA) showed ~42% and ~39% solvent loss between
40-200 °C for bpy-UiO and bpy-UiO-Fe(OH)s, respectively, and both MOFs were thermally
robust up to ~550 °C (Figure 7.7). Nitrogen sorption isotherm analysis gave a BET sur-
face area of 501 m? g=! for bpy-UiO-Fe(OH)s, substantially lower than that of pristine
bpy-UiO (1898 m? g~1),% indicating the incorporation of Fe(OH)3 within the MOF pores
(Figure 7.2b). Scanning electron microscopy (SEM) images of bpy-UiO-Fe(OH); showed
well-defined particles with an average size of ~225 nm, and energy-dispersive X-ray spec-
troscopy (EDX) elemental mapping demonstrated a homogeneous distribution of Fe and
Zr throughout the MOF particles (Figure 7.2¢). X-ray photoelectron spectroscopy (XPS)
showed Fe 2ps/, and 2p;/, binding energies at 710.12 and 723.43 eV, respectively, corre-

sponding to Fe?' oxidation state (Figure 7.2d). XPS analysis also confirmed Zr*" in the
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MOF nodes, with binding energies at 182.1 and 184.5 eV (Figure 7.2¢).

(a) (b) (c)
h | bpy-UiO-Fe after catalysis (run-4) 750
'
_J»L bpy-UiO-Fe after catalysis (run-1) —~ 6004
J " o
°
—L bpy-UiO-Fe(OH), L —>— Adsorption of bpy-UiO
o A A g 450- —<— Desorption of bpy-UiO
] —— Adsorption of bpy-UiO-Fe(OH),
L N . bpy-UiO-FeCl, 3 3004 <— Desorption of bpy-UiO-Fe(OH); g
o~ r
4 X X - PRV
Ji Pristine bpy-UiO e add e
150-({‘
JL Simulated Ui0-67 r
“ ol
' ' ' ' ' 0 02 04 _ 06 08 1
10 20 30 40 50 60 70 : opp .
20 P,
(d) (U] :
o Data N bpy-UiO-Fe(OH)3
zrV 3dy,, A
zrV 3d,,

—— Background
——Fit ]

gvalue =4.2

T T T 188 186 184 182 180 178 o 500 1000 1500 2000 2500 3000
730 720 710 Binding Energy (eV) Magnetic field (Gauss)

Binding Energy (eV)

Figure 7.2: (a) PXRD patterns of simulated UiO-67 (black), pristine bpy-UiO (red), bpy-
UiO-FeCl; (blue), bpy-UiO-Fe(OH)s (green), and bpy-UiO-Fe recovered after
run-1 (pink) and run-4 (wine) of styrene oxidation. (b) Ny sorption isotherms
of bpy-UiO (blue/green) and bpy-UiO-Fe(OH)3 (red/orange) measured at 77 K.
(¢) SEM-EDX mapping of bpy-UiO-Fe(OH)s3 particles. (d) Fe 2p XPS spectra
of bpy-UiO-Fe(OH)s. (e) Zr 3d XPS spectra of bpy-UiO-Fe(OH);. (f) EPR
spectra of solid bpy-UiO-Fe(OH)s.

The X-ray absorption near edge structure (XANES) spectrum of bpy-UiO-Fe(OH)s3 ex-
hibits a pre-edge feature at 7116 eV, consistent with the presence of Fe?* species.*® The
X-band electron paramagnetic resonance (EPR) spectrum of the Fe3™ centers shows a sig-
nal at g ~ 4.2, characteristic of high-spin Fe3* in a distorted octahedral environment (Fig-
ure 7.2f).°052 Extended X-ray absorption fine structure (EXAFS) analysis confirms the
existence of (bpy)Fe'(OH)3(H,0), where the Fe* ion adopts an octahedral geometry com-
prising two bipyridyl nitrogens (2.03 A, 2.03 A), three hydroxyl ligands (1.9 A, 1.9 A, 2.03 A),
and one aqua ligand (2.09 A).%
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Figure 7.3: (a) Effect of solvent on the conversion of styrene and benzaldehyde selectiv-
ity for bpy-UiO-Fe(OH)s-catalyzed oxidation of styrene. Reaction conditions:
bpy-UiO-Fe(OH)3 (0.4 mol% Fe), styrene (1.5 mmol), HoO2 (30% w/v, 2.5 eq.),
80 °C, 8 h. (b) Effect of temperature on the conversion of styrene and benzalde-
hyde selectivity for bpy-UiO-Fe(OH)s-catalyzed oxidation of styrene. Reaction
conditions: bpy-UiO-Fe(OH); (0.4 mol% Fe), styrene (1.5 mmol), HyOy (30%
w/v, 2.5 eq.), HbO/CH3CN (1:1, 4 mL), 8 h. (c) Effect of reaction time on
styrene conversion and benzaldehyde selectivity for bpy-UiO-Fe(OH);-catalyzed
oxidation of styrene. Reaction conditions: bpy-UiO-Fe(OH); (0.4 mol% Fe),
styrene (1.5 mmol), HyOq (30% w/v, 2.5 eq.), H,O/CH3CN (1:1, 4 mL), 80 °C.
Reaction products were analyzed by GC-MS.

7.2.2 Bpy-UiO-Fe(OH); Catalyzed Oxidation of Styrene Derivatives.

The selective oxidation of styrene derivatives to carbonyl compounds has significant in-
dustrial importance, as these compounds are essential intermediates in the production of
pharmaceuticals, dyes, fragrances, and fine chemicals. 2% Styrene was first employed as
a model substrate to investigate the catalytic activity of bpy-UiO-Fe(OH)s. Optimization
studies were conducted at 80 °C using hydrogen peroxide (Hy05) at a 2.5 equivalent ratio as
the oxidant, with different solvent conditions tested (Figure 7.3a). The reactions conducted
in ethanol and DMF resulted in moderate conversions of styrene, at 55% and 15%, respec-
tively, but exhibited poor selectivity for benzaldehyde, with selectivities of 33% and 84%,
respectively. In acetonitrile, while the conversion of styrene was low at 17%, the selectivity
for benzaldehyde reached 100%. However, reactions in water faced challenges due to the low
solubility of styrene, leading to negligible yields of benzaldehyde. A mixed solvent system of
acetonitrile and water (1:1) afforded 80% conversion with 100% benzaldehyde selectivity in
8 h. Consequently, this mixed solvent system, along with HyOy (30% w/v, 2.5 eq.), was uti-

lized to optimize the reaction temperature. Increasing the temperature to 100 °C decreased
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selectivity, likely due to benzaldehyde overoxidation to benzoic acid, whereas lowering the
temperature to 60 °C reduced the styrene conversion (Figure 7.3b). The optimal reaction
temperature for the oxidation of styrene to benzaldehyde was determined to be 80 °C, as it
provides a good balance between activity and selectivity. Notably, at a higher temperature
of 120 °C, the selectivity for benzoic acid increased significantly to 70%, accompanied by a
styrene conversion rate of 94% (Figure 7.3b). The effect of reaction time on styrene oxida-
tion was systematically studied at 80 °C within a range of 4 to 20 h. When the reaction time
was extended from 4 to 8 h, the conversion of styrene increased, reaching approximately 80%
with the exclusive production of benzaldehyde at 8 h (Figure 7.3c). However, extending the
reaction time beyond 8 h led to decreased selectivity for benzaldehyde due to its overoxida-
tion to benzoic acid. After 20 h, benzoic acid became the predominant product, exhibiting

a maximum selectivity of 71% with complete conversion of styrene (Figure 7.3c).

The catalytic system was tested further with various styrene derivatives under the op-
timized reaction conditions for 8 h and 20 h (Figure 7.4). Both electron-donating and
electron-withdrawing substituents were well tolerated, affording the corresponding aromatic
aldehydes and acids in 8 h and 20 h, respectively, in high yield and selectivity. For example,
p-chlorostyrene (1g) and m-chlorostyrene (1h) were converted to the respective aldehydes
(2g-2h) in 99% and 87% yields after 8 h, while o- and p-methoxystyrene (1e-1f) afforded 70-
75% carbonyl (2e-2f) yields with selectivities of 96% and 94%, respectively. Similarly, p- and
o-methylstyrene (1b-1c) gave 82% and 83% yields, whereas the bulkier p-tert-butylstyrene
(1d) underwent smooth oxidation to the aldehyde (2d) with 71% conversion and 82% selec-
tivity. Electron-deficient substrates, such as m-nitrostyrene (11), reacted efficiently, achiev-
ing 86% conversion to aldehyde (21) with 100% selectivity in 8 h. More sterically demand-
ing substrates, including trans-3-methylstyrene (1k) and trans-3-phenylstyrene (11), were
also well accommodated, producing aldehydes (2k-21) in 70% and 71% yields, respectively.
All the aldehyde products were purified by silica gel column chromatography. Importantly,
upon extending the reaction time to 20 h, all substrates underwent further oxidation to their
corresponding carboxylic acids. Both electron-donating and electron-withdrawing styrene
derivatives displayed comparable reactivity, with most substrates affording 65-75% selectiv-

ity toward the acids (Figure 7.4).
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Figure 7.4: Bpy-UiO-Fe(OH)3 catalyzed oxidation of styrene derivatives.[?!
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7.2.3 Control Experiments.

Control experiments were performed to confirm the single-site nature of bpy-UiO-Fe(OH)s in
the oxidation of styrene. Reactions using pristine bpy-UiO, Fe;O3, Fe nanoparticles, or Fe(0)
nanoparticles encapsulated within the UiO-67 MOF (Fe@QUiO-67) under similar reaction
conditions (0.4 mol% Fe, styrene (1.5 mmol), 30% w/v HyO4 (2.5 eq.), 80 °C, 8 h) showed
low conversion rates of styrene to benzaldehyde, ranging from 24% to 79% (Figure 7.5a). In
contrast, bpy-UiO-FeCl; achieved 100% conversion of styrene but exhibited poor selectivity
for benzaldehyde at only 14% (Figure 7.5a). This indicates that bpy-UiO-Fe(OH); is the

active catalyst for the oxidation of styrene to benzaldehyde.
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Figure 7.5: (a) Comparison of catalytic activity of bpy-UiO-Fe(OH)s with other catalysts at

80 °C (8 h). (b) Recycling test for bpy-UiO-Fe(OH)s-catalyzed styrene oxidation
to benzaldehyde under optimized reaction conditions in 6 h.

Furthermore, after removal of bpy-UiO-Fe(OH); via hot filtration, negligible conver-
sion of styrene to benzaldehyde was observed (Figure 7.9), confirming that the active sites
responsible for catalysis reside within the bpy-UiO-Fe(OH); framework. Moreover, the bpy-
UiO-Fe(OH); catalyst retained its activity and could be reused for at least four consecutive
cycles in the oxidation of styrene, giving a cumulative TON of 563 (Figure 7.5b). ICP anal-
ysis revealed minimal leaching of Fe and Zr, with values of 0.07% and 0.8% after the first
run, and 0.05% and 1.1% after the fourth run, respectively (Table 7.3). PXRD analysis of
bpy-UiO-Fe after run-1 and run-4 of styrene oxidation confirmed that the MOF maintained

its structural integrity under the reaction conditions (Figure 7.2a).

The homogeneous control of bpy-UiO-Fe(OH)3, prepared from a 1:1 molar ratio of bipyri-




7.2 Results and Discussion 280

dine and Fe(OH)3, afforded only 20% styrene conversion with 72% selectivity for benzalde-
hyde. In contrast, bpy-UiO-Fe(OH); achieved 80% conversion with 100% selectivity under
identical reaction conditions and Fe loading. These experiments suggest that bpy-UiO-
Fe(OH)s is at least fourfold more active and significantly more selective than its homoge-
neous analogue, likely due to stabilization of the monomeric Fe(III) hydroxyl species within

the MOF pores via active site isolation.

7.2.4 Mechanistic Insights into bpy-UiO-Fe(OH)3-Catalyzed Oxidation of Styrene.

To probe possible intermediates, the reaction mixture was analyzed under partial conversion
by GC-MS. Oxidation of styrene with HyOy at 80 °C for 4 h using 0.4 mol% bpy-UiO-
Fe(OH); yielded mainly benzaldehyde (50%), along with small amounts of styrene oxide
(3%) and 1-phenylethane-1,2-diol (2%), at an overall 55% conversion. These findings suggest
that styrene may first undergo epoxidation, followed by hydrolysis to form the diol, which
could then be further oxidized to benzaldehyde.
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Figure 7.6: Plausible reaction pathway illustrating the bpy-UiO-Fe(OH); catalyzed styrene

oxidation to benzaldehyde.

The high selectivity toward benzaldehyde suggests a non-radical pathway, involving ini-
tial epoxidation, subsequent diol formation, and oxidative C-C cleavage, rather than a
Fenton-type radical pathway, which typically produces a mixture of products. To assess
the possibility of a radical pathway, a control reaction was performed using Nay,SOj3 as a

radical scavenger; however, the rate of styrene oxidation was largely unaffected, indicating
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a non-radical pathway in bpy-UiO-Fe(OH)s-catalyzed styrene oxidation to benzaldehyde.

We propose that bpy-UiO-Fe(OH); interacts with HyOy to generate an iron(III)- hy-
droperoxo intermediate (INT-1). Subsequent insertion of the alkene into the Fe-O bond of
INT-1 affords INT-2, which undergoes structural rearrangement to yield INT-3. Hydrolysis
of the coordinated epoxide in INT-3, initiated by nucleophilic attack of water at the more
substituted carbon, produces INT-4. INT-4 then regenerates the bpy-UiO-Fe(OH)3 catalyst
while releasing the corresponding 1,2-diol. The aromatic 1,2-diol subsequently undergoes
oxidative C-C bond cleavage, yielding benzaldehyde, a pathway favored by resonance stabi-

lization of the benzylic carbocation intermediate.

Further evidence for the epoxide—diol route was obtained from control experiments. Un-
der identical reaction conditions, styrene epoxide (1 mmol) afforded 70% conversion to ben-
zaldehyde within 5 h in the presence of bpy-UiO-Fe(OH)s, compared to only 40% in the
absence of the catalyst. This enhanced reactivity likely arises from activation of the epoxide
at the electrophilic Fe center within the MOF, which facilitates nucleophilic attack of water
at the more hindered carbon atom, thereby accelerating diol formation and subsequent oxi-

dation to benzaldehyde.

7.3 Experimental Section

7.3.1 Synthesis and Characterization of bpy-UiO-Fe(OH);.

Synthesis of bpy-UiO.48

[2,2’-Bipyridine]-5,5"-dicarboxylic acid (Hsbpydc) was synthesized following a reported pro-
cedure. A mixture of [2,2-bipyridine|-5,5'-dicarboxylic acid (0.027 g, 0.111 mmol) and ZrCl,
(0.026 g, 0.112 mmol) was dissolved in 13 mL of DMF and sonicated for 30 min. Triflu-
oroacetic acid (0.040 mL, 0.523 mmol) was then added to the mixture. The solution was
heated in a sealed 15 mL glass vial at 100 °C for four days in an oven. After cooling to room
temperature, the resulting white crystals were isolated by centrifugation, washed several

times with DMF and THF, and stored in THF' at room temperature.
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Synthesis of bpy-UiO-Fe(OH);.

A solution of FeCls (0.04 g, 0.024 mmol) in THF was added to bpy-UiO MOF (0.008 g),
and the mixture was stirred overnight at room temperature inside a glovebox. The resulting
yellowish-brown solid was collected by centrifugation and washed several times with THF
to afford bpy-UiO-FeCls. Next, NaEt3BH (3.5 equiv. w.r.t. Fe) was slowly added to a
slurry of bpy-UiO-FeClz in 3 mLL THF inside the glovebox and stirred at room temperature
for 1 h. The black solid bpy-UiO-FeH3 was isolated by centrifugation and washed multiple
times with THF to remove excess reducing agent. Bpy-UiO-FeH3 was then taken out of the
glovebox and suspended in water for 30 min, resulting in bpy-UiO-Fe(OH);. Thermogravi-
metric analysis (TGA) indicated that bpy-UiO-Fe(OH); contains 39% solvent by weight,
and ICP-OES confirmed 72% iron loading relative to bpy moieties, with the overall formula
ZT6O4(OH)4(bpy)6Fe4.32(OH)12.96-

(@ 100 —— bpy-Uio (b) 100 o --- -
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Figure 7.7: (a) TGA curves of freshly prepared bpy-UiO and bpy-UiO-Fe(OH);3. A solvent
weight loss of 42% in bpy-UiO (black) and 39% in bpy-UiO-Fe(OH)3 (red) was
observed from 40 °C to 200 °C. (b) TGA curves of freshly prepared bpy-UiO
(black) and bpy-UiO-Fe(OH)s3 (red) from 200-700 °C. The increased weight of
the metalated MOF is due to the presence of iron within the framework.

Theoretical calculation:

(a) For bpy-UiO:
1 mole of ZI‘604(OH)4<bpy)6 = 6 moles of linker (C12H6N204)
2132.5 g of ZrgO4(OH)4(bpy)s = 1453.12 g of linker
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Table 7.1: Determination of defects in bpy-UiO and bpy-UiO-Fe(OH)3 by TGA analysis.

Sample Condition % Solvent % Ligand % Residue
Calculated - 68 32

bpy-UiO TGA 42 40 18
Corrected - 67.5 32.5
Calculated - 56 44

bpy-UiO-Fe(OH); TGA 39 35 26
Corrected - 55 45

% Linker = 12415332'_152 x 100 = 68%

% Residue = 100 — 68 = 32%

(b) For bpy-UiO-Fe(OH)s:

1 mole of ZrgO4Fey 30(OH)12.96(C12HgN204)6(OH), = 6 moles of linker (C1oHgN,Oy)
2594.1 g of ZrgO4Feq 30(OH)19.06(C12HgN2O4)s(OH)4 = 1453.12 g of linker

% Linker — £2322 % 100 = 56%

% Residue = 100 — 56 = 44%

The wt% ligand calculated theoretically matches closely with the wt% ligand observed ex-
perimentally for bpy-UiO and bpy-UiO-Fe(OH)s. This indicates the absence of any missing-
linker defects within bpy-UiO and bpy-UiO-Fe(OH)s.
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| bpy-UiO-Fe(OH),

bpy-Uio-Fecl, | ¥ 11,
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Figure 7.8: FT-IR (KBr) spectrum of freshly prepared bpy-UiO (black), bpy-UiO-FeCls
(red) and bpy-UiO-Fe(OH)3 (blue).
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7.3.2 Bpy-UiO-Fe(OH); catalyzed oxidation of styrene substrates.

General procedure for bpy-UiO-Fe(OH); catalyzed oxidation of styrene and

styrene derivatives.

R2
ﬂ, ; = e}
R« | )
NS
R2 bpy-UiO-Fe(OH)3
3 (0.4 mol% Fe)
% xR
R'— | ] H,0, (2.5 eq.), OH
X CH5CN:H,0 (1:1), _
80°C 20h R+ | O Rreoy
L=~ . 3

Solid MOF bpy-UiO-Fe(OH)3 (0.4 mol% Fe) in 4 mL CH3CN:H,0 (1:1) was introduced
into a 25 mL Schlenk tube equipped with a water-cooled condenser and placed in an oil bath
at 80 °C. Styrene (1.5 mmol) was then added, followed by the dropwise addition of 30% w/v
Hy0,5 (2.5 equiv). The reactions were performed for 8 h and 20 h. After the completion
of the reaction, the solid MOF was centrifuged out of the suspension. An aliquot of the

supernatant was analyzed by GC-MS.
Isolation of products:

(a) Aldehyde (reaction time: 8 h):

The organic layer of the reaction mixture was separated and extracted with ethyl acetate
(3 x 10 mL). The combined organic extracts were dried over anhydrous Nay,SQOy, filtered, and
concentrated under reduced pressure. The crude residue was purified by silica gel column
chromatography using hexane/ethyl acetate (5:1) as the eluent to afford the pure aldehyde

products.

(b) Carbozylic acid (reaction time: 20 h):

The crude mixture was first extracted with aqueous NaOH solution (1-2 M, 3 x 10 mL)
to convert the carboxylic acid products into their corresponding sodium salts. The aqueous
phase was separated, acidified to pH ~ 1 with dilute HCIl, and subsequently extracted with
chloroform (3 x 10 mL). The combined chloroform extracts were dried over anhydrous

NaySQOy, filtered, and concentrated under reduced pressure to yield the pure carboxylic acid
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products.

Analysis of products by GC-MS.

The conversion and selectivity of the products were determined using GC-MS analysis.
Using the area percentage method, the peak areas of the remaining reactants, products, and
by-products were determined.

GC-MS conditions: The column used was the Agilent DB-WAX column with 30 m
length, 0.320 mm internal diameter, and 0.25 pym film. The chromatographic conditions
were: flow rate of helium at 1 mL min~!, injection volume: 1 pL, column oven temperature
was initially 40 °C and then increased up to 230 °C with the rate of 5 °C min~!, and detector

temperature was 250 °C.
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Table 7.2: Optimization of reaction conditions for the oxidation of styrene.[?l,

bpy-UiO-Fe(OH);

S (0.4 mol% Fe)
©/\ H202 (25 eq.),

Solvent, Temp.,

Oy

Time
S. No. Catalyst Temp. (°C) Time (h) Solvent Conversion (%)P Selectivity (%)
1 bpy-UiO-Fe(OH)3 80 4 CH3CN:H,0 (1:1) 55 100
2 bpy-UiO-Fe(OH); 80 6 CH3CN:Hy0 (1:1) 72 100
3 bpy-UiO-Fe(OH)3 80 8 CH3CN:Hy0 (1:1) 80 100
4 bpy-UiO-Fe(OH)3 80 14 CH3CN:H,0 (1:1) 95 52.6
5l bpy-UiO-Fe(OH)3 80 20 CH3CN:H,0 (1:1) 100 29
6 bpy-UiO-Fe(OH)3 60 8 CH3CN:H,0 (1:1) 21 100
7 bpy-UiO-Fe(OH)3 100 8 CH3CN:H,0 (1:1) 88 88.6
8ldl bpy-UiO-Fe(OH)3 120 8 CH3CN:H,0 (1:1) 94 29.7
9 bpy-UiO-Fe(OH)3 80 8 CH3CN 17 100
10 bpy-UiO-Fe(OH)3 80 8 H,0 2 100
11 bpy-UiO-Fe(OH)3 80 8 EtOH 55 33
12 bpy-UiO-Fe(OH)3 80 8 DMF 15 84

2] Styrene (1.5 mmol), solvent used was 4 mL.

[Pl Reaction was analyzed by GC-MS.

[l Benzoic acid was formed as the major product with selectivity of ~71%.

[4] Benzoic acid was formed as the major product with selectivity of ~70%.

Typical procedure for bpy-UiO-Fe(OH)3 catalysed oxidation of styrene to ben-

zaldehyde.

bpy-UiO-Fe(OH);

X (0.4 mol% Fe)

H,0, (2.5 eq.),

CH3CN:H,0 (1:1),
80 °C, 8 h

e
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Solid MOF bpy-UiO-Fe(OH); (0.4 mol%) in 4 mL CH3CN:H0O (1:1) was introduced into a
25 mL Schlenk tube equipped with a water-cooled condenser and placed in an oil bath at
80 °C, and styrene (1.5 mmol) was added. Subsequently, 30% w/v HoO2 (2.5 eq.) was added
dropwise to the reaction mixture. After 8 h, the reaction was cooled to room temperature and
the solid MOF was centrifuged out of the suspension. The remaining solution was extracted
with ethyl acetate (3 x 10 mL); the combined organic layers were dried (NaySOy), filtered,
and concentrated in vacuo to afford the crude products. The residue was purified by silica gel
column chromatography (hexane/ethyl acetate, 5:1) to yield the aldehyde products, which
were characterized by 'H and *C NMR and confirmed by GC-MS.

Effect of time on conversion (%) and selectivity (%) for styrene oxidation to

benzaldehyde catalyzed by bpy-UiO-Fe(OH)s.

Solid MOF bpy-UiO-Fe(OH); (0.4 mol% Fe) in 4 mL. CH3CN:H,O (1:1) was introduced
into a 25 mL Schlenk tube, equipped with a water-cooled condenser, and placed in an oil
bath at 80 °C, and styrene (1.5 mmol) was added. Subsequently, 30% w/v HyO5 (2.5 eq.)
was added dropwise to the above reaction mixture. The progression of the reaction was
monitored using GC-MS analysis at various times (4, 6, 8, 14, and 20 h). With increasing
reaction time, product conversion gradually increased, reaching 100% at 20 h. The selectivity
toward benzaldehyde increased initially, attaining 80% at 8 h. Beyond 8 h, overoxidation
of benzaldehyde led to a rise in benzoic acid formation, reaching 71% selectivity toward

benzoic acid at 20 h.

Effect of temperature on conversion (%) and selectivity (%) for styrene oxidation

to benzaldehyde catalyzed by bpy-UiO-Fe(OH)s.

Solid MOF bpy-UiO-Fe(OH)3 (0.4 mol% Fe) in 4 mL CH3CN:H,O (1:1) was introduced into
four different 25 mL Schlenk tubes, each equipped with a water-cooled condenser and placed
in oil baths at different temperatures (60, 80, 100, and 120 °C), and styrene (1.5 mmol) was
added. Subsequently, 30% w/v HyO5 (2.5 eq.) was added dropwise to all the tubes. After
8 h of reaction time, the solid MOF was centrifuged out of the suspension. The conversion
and selectivity of the products were then analyzed using GC-MS. It was observed that

with increasing temperature, the conversion of styrene increased. However, at temperatures
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above 80 °C, the selectivity toward benzaldehyde decreased due to its overoxidation, leading

to the formation of benzoic acid.

Control reactions for styrene oxidation reaction.

(a) Styrene oxidation with Fe@QUiO-67.% UiO-67 MOF was prepared according to
the reported literature.** Tt is isostructural to bpy-UiO MOF but contains biphenyl (bpdc)
linkers instead of bipyridyl (bpydc) linkers. In a 5 mL round-bottom flask, a solution of
FeCl;-6H0O (50 mg, 0.18 mmol) in ethyl acetate (2 mL) was prepared, followed by the
addition of UiO-67 (100 mg). The mixture was heated for 8 h at a temperature of 50 °C.
Then, it was allowed to cool down, and the solid was collected by centrifugation, washed

thoroughly, and dried to give UiO-67-FeCls.

Next, a solution of NaBH, was prepared (10 mg) in 6 mL of deionized water in a round-
bottom flask, and 80 mg of UiO-67-FeCls was added to this solution. The pH was controlled
in the range of 6-8 throughout the addition of NaBH,. The resultant solution was stirred
for 30 min, and then it was filtered out to get the solid product. The collected solid was
washed thoroughly with deionized water to give a black powder of Fe@QUiO-67. Finally, the
Fe@QUiO-67 was activated at 150 °C for 12 h under high vacuum.

For the catalytic oxidation reaction, Fe@QUiO-67 (0.4 mol% Fe) in 4 mI. CH3CN:H,0
(1:1) was introduced into a 25 mL Schlenk tube, equipped with a water-cooled condenser
and placed in an oil bath at 80 °C, and styrene (1.5 mmol) was added. Subsequently,
30% w/v HaOy (2.5 eq.) was added dropwise to the reaction mixture. After 8 h of the
reaction, the solid catalyst was centrifuged out of the suspension and washed several times
with CH3CN. The conversion and selectivity of the products were then analyzed using GC-
MS.

(b) Styrene oxidation with Fe nanoparticles.?® An aqueous solution of 1.6 M NaBH,
was added slowly into a 1.0 M aqueous solution of FeCl3-3H;O with constant stirring at
room temperature to obtain black-colored Fe(0) nanoparticles. The black solid was then

washed several times with THF and dried.

Fe nanoparticles (0.4 mol% Fe) were added into a 25 mL Schlenk tube equipped with a
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water-cooled condenser, along with 4 mI. CH3CN:H50O (1:1), and placed in an oil bath at
80 °C. Styrene (1.5 mmol) was then added, followed by the dropwise addition of 30% w /v
Hy04 (2.5 eq.). The reactions were performed for a period of 8 h. After the completion of the
reaction, the solid was centrifuged out of the suspension. An aliquot of the supernatant was
analyzed by GC-MS. The remaining solution was extracted with ethyl acetate (3 x 10 mL);
the combined organic layers were dried (NaySOy), filtered, and concentrated in vacuo to
afford the crude products. The residue was further concentrated in vacuo to yield the

corresponding products.

Test for “heterogeneity of bpy-UiO-Fe(OH)3” in styrene oxidation.

s o
bpy-UiO-Fe(OH); ————————*> ©A

H,0, (2.5 eq.)
bpy-UiO-Fe(OH); CH3CN:H,0 (1: 1) GCO% y
80°C,8h yie

@ (0.4 mol% Fe) @O centrifugation
H,0, (2.5 eq.),
CH3CN:H20 (1:1),  80%

X
80°C,8h GC- yield

Supernatant ——— »  Nofurther
H,0, (2.5 eq.), conversion
CH3CN:H,0 (1:1), of styrene

80°C,8h

Figure 7.9: Hot filtration test of bpy-UiO-Fe(OH); catalyzed styrene oxidation.

General procedure mentioned in Section 7.3.2 was followed. After 8 h of reaction, the solid
MOF catalyst was removed from the hot reaction mixture by filtration and thoroughly
washed with water. Two separate reactions were set up in two different Schlenk tubes,
one with the solid MOF and the other with the supernatant. The extracted solid and
supernatant were added into two separate Schlenk tubes, each equipped with a water-cooled
reflux condenser, and both tubes were placed in oil baths set at a temperature of 80 °C.
Then, styrene (1.5 mmol) and 30% w/v HyO4 (2.5 eq.) were added dropwise to each of the
tubes. After 8 h, the reactions were analyzed with GC-MS, which revealed that the reaction
with the solid MOF gave 80% yield of benzaldehyde, while the reaction with the supernatant
showed no conversion of styrene to benzaldehyde. This experiment rules out the potential
of any leached Fe species responsible for catalysis and confirms that solid bpy-UiO-Fe(OH)3

is the sole catalyst for the oxidation of styrene.
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Recycling of bpy-UiO-Fe(OH); for the oxidation of styrene.

bpy-UiO-Fe(OH),

X (0.4 mol % Fe)‘ ©AO centrifugation Recycled
H,0, (2.5 6q.), " bpy-UiO-Fe(OH);

CH3CN:H,0 (1:1), Run1
80°C,6h

Recycled

bpy-UiO-Fe(OH A
N y ( )3= ©/\O ------------- > Run4
H202 (25 eq.),

CHZCN:H,0 (1:1),  Run 2
80°C,6h
Figure 7.10: Recyclability and reusability of bpy-UiO-Fe(OH)s for styrene oxidation.

The recycle and reuse experiment was conducted to check the stability of the MOF catalyst.
The general procedure mentioned in Section 7.3.2 was followed, except that the recovered
MOF catalyst was washed several times with CH3CN. For the recycling experiments, the
recovered catalyst was introduced into a 25 mL Schlenk tube, equipped with a water-cooled
condenser, and placed in an oil bath at 80 °C; styrene (1.5 mmol) was then added. Subse-
quently, 30% w/v HyOs (2.5 eq.) was added dropwise to the reaction mixture. After 6 h
of the reaction, the solid MOF was centrifuged out of the suspension, washed several times
with CH3CN, and the product was analyzed using GC-MS. The procedure was repeated
three times with very minimal leaching (<1%) of Fe and Zr (Table 7.3). The MOF retained
its crystallinity and structural stability, as confirmed by the PXRD patterns of the recycling
experiments (Figure 7.2a). The catalyst could be recycled and reused at least three times

without any loss of activity, giving a cumulative TON of 563.

Table 7.3: % GC yield of benzaldehyde and the leaching of Fe and Zr in various runs of the
recycling of bpy-UiO-Fe(OH);3 for the oxidation of styrene.

No. of Time % GC Yield of % Leaching (Fe,
Run (h) Benzaldehyde Zr)

Run-1 6 70 0.07, 0.8

Run-2 6 66 0.06, 0.9

Run-3 6 67 0.03, 0.7

Run-4 6 61 0.05, 1.1
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Radical scavenging test with Na;SO3 as the radical scavenger.

To investigate any role of ‘OH in bpy-UiO-Fe(OH)3 catalyzed oxidation of styrene, we per-
formed the catalysis in the presence of a known "OH radical scavenger, Nay,SO3, and the
catalytic activity and selectivity were compared to those of reactions carried out in the
absence of "OH radical scavengers. Reaction conditions: bpy-UiO-Fe(OH)s (0.4 mol% Fe),
styrene (1.5 mmol), NapSO3 (10 mmol), HoO4 (2.5 eq.), CH3CN:H50 (1:1, 4 mL), 8 h. The
general procedure mentioned in Section 7.3.2 was followed, with NaySO3 (10 mmol) added
to study its effect on the catalytic reaction. It was observed that the yield of benzaldehyde
was similar for the reaction with Nay,SO3 (80% GC yield) to that without NagSO3. This
experiment confirms that there is no role of the radical scavenger Na,SO3 and rules out the

participation of ‘OH radicals in the reaction mechanism.

7.3.3 XPS analysis of bpy-UiO-Fe(OH)3.

All the binding energies were corrected with reference to the Cls peak at 284.8 eV. CasaXPS

software was used for peak analysis and de-convolution studies.

O1s o Data
——zZrV 3dy,
— 21V 3d,,

(@ (b) ([ = om

~——— Background
—— Fit

zr3d Fe2p

200 400 600 800 188 186 184 182 180 178 730 720 710
Binding Energyv (eV) Binding Energy (eV) Binding Energy (eV)

Figure 7.11: (a) Raw XPS data of bpy-UiO-Fe(OH)s. (b) XPS fitting of Zr 3d in bpy-UiO-
Fe(OH)s. (c) XPS fitting of Fe 2p in bpy-UiO-Fe(OH)s.
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Table 7.4: Fe 2p XPS fitting parameters for bpy-UiO-Fe(OH)s.

Component Position |[FWHM |Area% Line
(eV) (eV) shape
Fe(III) 2ps/» 708.30 2.3 5.39 GL(30)
Fe(III) 2ps/o 709.44 1.4 15.09 GL(30)
Fe(III) 2ps/» 710.50 1.4 13.88 GL(30)
Fe(III) 2ps/o 711.75 1.6 10.13 GL(30)
Fe(III) 2ps/s 713.25 1.6 7.70 GL(30)
Fe(III) 2ps/» 714.93 24 5.28 GL(30)
Fe(III) 2ps/o 717.24 4.1 10.54 GL(30)
Fe(III) 2py s 722.09 1.6 6.19 GL(30)
Fe(III) 2py /o 723.19 1.5 5.38 GL(30)
Fe(III) 2py s 724.40 1.5 5.63 GL(30)
Fe(III) 2py s 725.70 1.7 2.81 GL(30)
Fe(III) 2py /o 726.90 2.8 3.15 GL(30)
Fe(III) 2py s 730.10 3.6 8.82 GL(30)
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7.3.4 Characterization of the products.

Benzaldehyde (2a).%® Benzaldehyde was synthesized with 79% yield according to the
general procedure for the oxidation of styrene derivatives using bpy-UiO-Fe(OH)3 (0.4 mol%
Fe), styrene (1.5 mmol), and HyO4 (2.5 eq.) at 80 °C for 8 h. After 8 h, the combined organic
extracts were concentrated in vacuo followed by column chromatography using hexane and
ethyl acetate (5:1) as an eluent to yield benzaldehyde. 'H NMR (400 MHz, CDCl3, ppm):
5 10.01 (s, 1H), 7.90 (s, 2H), 7.69 (d, J = 4.8 Hz, 1H), 7.58 (d, J = 5.5 Hz, 2H). ¥C NMR
(151 MHz, DMSO-dg): 193.0, 136.2, 134.5, 129.4, 129.1.

4-Methyl benzaldehyde (2b).% 4-Methyl benzaldehyde was synthesized with 82% yield
according to the general procedure for the oxidation of styrene derivatives using bpy-UiO-
Fe(OH)3 (0.4 mol% Fe), 4-methyl styrene (1.5 mmol), and HyOy (2.5 eq.) at 80 °C for
8 h. After 8 h, the combined organic extracts were concentrated in vacuo followed by
column chromatography using hexane and ethyl acetate (5:1) as an eluent to yield 4-methyl
benzaldehyde. 'H NMR (400 MHz, DMSO-dg, ppm): ¢ 9.95 (s, 1H), 7.80 (d, J = 7.9 Hz,
2H), 7.40 (d, J = 7.8 Hz, 2H), 2.39 (s, 3H). 13C NMR (101 MHz, DMSO-dg, ppm): 192.6,
145.2, 134.0, 129.7, 129.6, 21.4.

2-Methyl benzaldehyde (2c).5" 2-Methyl benzaldehyde was synthesized with 83% yield
according to the general procedure for the oxidation of styrene derivatives using bpy-UiO-
Fe(OH)3 (0.4 mol% Fe), 2-methyl styrene (1.5 mmol), and HyOy (2.5 eq.) at 80 °C for
8 h. After 8 h, the combined organic extracts were concentrated in vacuo followed by
column chromatography using hexane and ethyl acetate (5:1) as an eluent to yield 2-methyl
benzaldehyde. *H NMR (400 MHz, CDCl3, ppm): § 10.26 (s, 1H), 7.79 (dd, J = 7.6, 1.5 Hz,
1H), 7.47 (td, J = 7.5, 1.6 Hz, 1H), 7.36 (td, 3Jg g = 7.5, 1.2 Hz, 1H), 7.28-7.22 (m, 1H),
2.67 (s, 3H). 3C NMR (101 MHz, CDCls, ppm): ¢ 192.73, 140.53, 134.07, 133.58, 131.98,
131.70, 126.25, 19.52.

4-tert-Butylbenzaldehyde (2d).5¢

4-tert-Butylbenzaldehyde was synthesized with 58% yield according to the general proce-
dure for the oxidation of styrene derivatives using bpy-UiO-Fe(OH); (0.4 mol% Fe), 4-tert-
butylstyrene (1.5 mmol), and HyOy (2.5 eq.) at 80 °C for 8 h. After 8 h, the combined

organic extracts were concentrated in vacuo followed by column chromatography using hex-
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ane and ethyl acetate (5:1) as eluent to yield 4-tert-butylbenzaldehyde. 'H NMR (400 MHz,
CDCls, ppm): § 9.98 (s, 1H), 7.82 (d, J = 8.5 Hz, 2H), 7.55 (d, J = 8.3 Hz, 2H), 1.36 (s,
9H). 13C NMR (101 MHz, CDCls, ppm): ¢ 192.0, 158.4, 134.1, 129.7, 126.0, 35.4, 31.1.

4-Methoxybenzaldehyde (2e).5¢
4-Methoxybenzaldehyde was synthesized with 70% yield according to the general proce-
dure for the oxidation of styrene derivatives using bpy-UiO-Fe(OH)s (0.4 mol% Fe), 4-
methoxystyrene (1.5 mmol), and HyOs (2.5 eq.) at 80 °C for 8 h. After 8 h, the combined
organic extracts were concentrated in vacuo followed by column chromatography using hex-
ane and ethyl acetate (5:1) as eluent to yield 4-methoxybenzaldehyde. 'H NMR (400 MHz,
DMSO-dg, ppm): § 9.87 (s, 1H), 7.87 (d, J = 8.6 Hz, 2H), 7.12 (d, J = 8.6 Hz, 2H), 3.86
(s, 3H). 3C NMR (101 MHz, DMSO-dg, ppm): & 191.3, 164.2, 131.8, 129.7, 114.5, 55.7.
2-Methoxy benzaldehyde (2f).%7

2-Methoxy benzaldehyde was synthesized with 75% yield according to the general pro-
cedure for the oxidation of styrene derivatives using bpy-UiO-Fe(OH); (0.4 mol% Fe), 2-
methoxy styrene (1.5 mmol), HoO5 (2.5 eq.) at 80 °C for 8 h. After 8 h, the combined
organic extracts were concentrated in vacuo followed by column chromatography using hex-
ane and ethyl acetate (5:1) as an eluent to yield 2-methoxy benzaldehyde product. 'H NMR
(400 MHz, CDCl3, ppm): 6 10.45 (s, 1H), 7.80 (dd, J = 7.7, 1.8 Hz, 1H), 7.52 (ddd, J =
8.2, 7.4, 1.8 Hz, 1H), 7.08-6.90 (m, 2H), 3.90 (s, 3H); *C NMR (101 MHz, CDCls3, ppm):
0 189.62, 161.75, 135.83, 128.38, 124.80, 120.55, 111.58, 55.53.

4-Chloro benzaldehyde (2g).%®

4-Chloro benzaldehyde was synthesized with 99% yield according to the general proce-
dure for the oxidation of styrene derivatives using bpy-UiO-Fe(OH)3 (0.4 mol% Fe), 4-chloro
styrene (1.5 mmol), HyOy (2.5 eq.) at 80 °C for 8 h. After 8 h, the combined organic ex-
tracts were concentrated in vacuo followed by flash chromatography using hexane and ethyl
acetate (7:3) as an eluent to yield 4-chloro benzaldehyde product. 'H NMR (300 MHz,
CDCl3, ppm): ¢ 10.13 (s, 2H), 8.05 (s, 4H); ¥C NMR (75 MHz, CDCl3, ppm): ¢ 191.63,
140.13, 130.27.

3-Chloro benzaldehyde (2h).57
3-Chloro benzaldehyde was synthesized with 87% yield according to the general proce-
dure for the oxidation of styrene derivatives using bpy-UiO-Fe(OH)3 (0.4 mol% Fe), 3-chloro
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styrene (1.5 mmol), HoOy (2.5 eq.) at 80 °C for 8 h. After 8 h, the combined organic ex-
tracts were concentrated in vacuo followed by column chromatography using hexane and
ethyl acetate (5:1) as an eluent to yield 3-chloro benzaldehyde product. 'H NMR (400 MHz,
CDClg, ppm): § 9.94 (s, 1H), 7.81 (dd, J = 2.1, 1.5 Hz, 1H), 7.73 (dt, J = 7.5, 1.4 Hz, 1H),
7.56 (ddd, J = 8.0, 2.1, 1.2 Hz, 1H), 7.45 (t, J = 7.8 Hz, 1H); 13C NMR (101 MHz, CDCl3,
ppm): § 190.81, 137.78, 135.40, 134.35, 130.38, 129.22, 127.98.

3-Nitro benzaldehyde (2i).%

3-Nitro benzaldehyde was synthesized with 84% yield according to the general proce-
dure for the oxidation of styrene derivatives using bpy-UiO-Fe(OH)3 (0.4 mol% Fe), 3-nitro
styrene (1.5 mmol), HyOy (2.5 eq.) at 80 °C for 8 h. After 8 h, the combined organic
extracts were concentrated in vacuo followed by column chromatography using hexane and
ethyl acetate (5:1) as an eluent to yield 3-nitro benzaldehyde product. 'H NMR (500 MHz,
CDCl3, ppm): ¢ 10.13 (s, 1H), 8.72-8.70 (m, 1H), 8.49 (d, J = 8.2 Hz, 1H), 8.24 (d, J =
7.6 Hz, 1H), 7.78 (t, J = 7.9 Hz, 1H); 3C NMR (126 MHz, CDCl3, ppm): § 189.82, 148.92,
137.53, 134.76, 130.50, 128.66, 124.50.

Acetophenone (2j).%

Acetophenone was synthesized with 99% yield according to the general procedure for
the oxidation of styrene derivatives using bpy-UiO-Fe(OH)3 (0.4 mol% Fe), a-methylstyrene
(1.5 mmol), HyOy (2.5 eq.) at 80 °C for 8 h. After 8 h, the combined organic extracts were
concentrated in vacuo followed by flash chromatography using hexane and ethyl acetate
(5:1) as an eluent to yield acetophenone product. '"H NMR (600 MHz, CDCl3, ppm): § 7.95
(d, J = 8.1 Hz, 2H), 7.56 (t, J = 7.8 Hz, 1H), 7.46 (t, J = 7.7 Hz, 2H), 2.60 (s, 3H); 13C
NMR (151 MHz, CDCly, ppm): & 198.3, 137.3, 133.3, 128.7, 128.5, 26.8.

Benzoic acid (3a).%

Benzoic acid was synthesized with 71% yield according to the general procedure for
the oxidation of styrene derivatives using bpy-UiO-Fe(OH); (0.4 mol% Fe), styrene (1.5
mmol), HyO5 (2.5 eq.) at 80 °C for 20 h. Upon completion, the catalyst was removed
by centrifugation, and the reaction mixture was treated with 1-2 M aqueous NaOH to
convert the acids to their sodium salts. The organic phase was removed with CHCl3 (3 x 10
mL). The aqueous layer was then acidified to pH ~1 with dilute HCI and extracted with
CHCIl3 (3 x 10 mL). The combined organic extracts were dried over NaySQOy, filtered, and
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concentrated under reduced pressure to afford benzoic acid (71% yield) as a white solid. 'H
NMR (400 MHz, CDCl3, ppm): § 11.67 (s, 1H), 8.20 (d, J = 7.2 Hz, 2H), 7.68 (t, J = 74
Hz, 1H), 7.68 (t, J = 7.9 Hz, 2H); 13C NMR (100 MHz, CDCls, ppm): § 172.60, 133.89,
130.28, 129.39, 128.55.

4-Methyl benzoic acid (3b).%

4-Methyl benzoic acid was synthesized with 72% yield according to the general procedure
for the oxidation of styrene derivatives using bpy-UiO-Fe(OH)s (0.4 mol% Fe), 4-methyl
styrene (1.5 mmol), HyOs (2.5 eq.) at 80 °C for 20 h. Upon completion, the catalyst
was removed by centrifugation, and the reaction mixture was treated with 1-2 M aqueous
NaOH to convert the acids to their sodium salts. The organic phase was removed with
CHCIl3 (3 x 10 mL). The aqueous layer was then acidified to pH ~1 with dilute HCI and
extracted with CHCl3 (3 x 10 mL). The combined organic extracts were dried over NaySQOy,
filtered, and concentrated under reduced pressure to yield 4-methyl benzoic acid product.
'H NMR (400 MHz, DMSO-dg, ppm): § 12.80 (s, 1H), 7.84 (d, J = 6.48 Hz, 2H), 7.29 (d,
J = 7.88 Hz, 2H), 2.36 (s, 3H); *C NMR (100 MHz, DMSO-dg, ppm): & 167.80, 143.46,
129.80, 129.55, 128.52, 21.55, 126.75.

2-Methyl benzoic acid (3c).%!

2-Methyl benzoic acid was synthesized with 69% yield according to the general procedure
for the oxidation of styrene derivatives using bpy-UiO-Fe(OH)s (0.4 mol% Fe), 2-methyl
styrene (1.5 mmol), HyOs (2.5 eq.) at 80 °C for 20 h. Upon completion, the catalyst
was removed by centrifugation, and the reaction mixture was treated with 1-2 M aqueous
NaOH to convert the acids to their sodium salts. The organic phase was removed with
CHCl3 (3 x 10 mL). The aqueous layer was then acidified to pH ~1 with dilute HCI and
extracted with CHCl3 (3 x 10 mL). The combined organic extracts were dried over NaySQOy,
filtered, and concentrated under reduced pressure to afford 2-methyl benzoic acid product.
"H NMR (400 MHz, CDCls, ppm): ¢ 12.58 (s, 1H), 8.09 (dd, J = 7.3, 1.8 Hz, 1H), 7.47 (t,
J = 7.8 Hz, 1H), 7.28-7.32 (m, 2H), 2.68 (s, 3H); *C NMR (101 MHz, CDCl3, ppm): &
173.79, 141.54, 133.12, 132.08, 131.76, 128.47, 126.01, 22.29.

4-tert-Butylbenzoic acid (3d).%!
4-tert-Butylbenzoic acid was synthesized with 56% yield according to the general proce-
dure for the oxidation of styrene derivatives using bpy-UiO-Fe(OH)s (0.4 mol% Fe), 4-tert-
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butylstyrene (1.5 mmol), HyOy (2.5 eq.) at 80 °C for 20 h. Upon completion, the catalyst
was removed by centrifugation, and the reaction mixture was treated with 1-2 M aqueous
NaOH to convert the acids to their sodium salts. The organic phase was removed with
CHCIl3 (3 x 10 mL). The aqueous layer was then acidified to pH ~1 with dilute HCI and
extracted with CHCl3 (3 x 10 mL). The combined organic extracts were dried over NaySQOy,
filtered, and concentrated under reduced pressure to yield 4-tert-butylbenzoic acid product.
'"H NMR (400 MHz, CDCl3, ppm): § 12.67 (s, 1H), 8.07 (d, J = 8.3 Hz, 2H), 7.51 (d, J
= 8.3 Hz, 2H), 1.37 (s, 9H); *C NMR (101 MHz, CDCl3, ppm): § 172.80, 157.75, 130.29,
126.75, 125.62, 35.33, 31.23.

4-Methoxy benzoic acid (3e).%!

4-Methoxybenzoic acid was synthesized with 57% yield according to the general pro-
cedure for the oxidation of styrene derivatives using bpy-UiO-Fe(OH); (0.4 mol% Fe), 4-
methoxy styrene (1.5 mmol), HyOs (2.5 eq.) at 80 °C for 20 h. Upon completion, the
catalyst was removed by centrifugation, and the reaction mixture was treated with 1-2 M
aqueous NaOH to convert the acids to their sodium salts. The organic phase was removed
with CHCl3 (3 x 10 mL). The aqueous layer was then acidified to pH ~1 with dilute HCI
and extracted with CHCl3 (3 x 10 mL). The combined organic extracts were dried over
NaySQOy, filtered, and concentrated under reduced pressure to afford 4-methoxy benzoic acid
product. 'H NMR (400 MHz, CDCl3, ppm): § 12.13 (s, 1H), 8.08 (d, J = 8.3 Hz, 2H),
6.95 (d, J = 9.2 Hz, 2H), 3.88 (s, 3H); *C NMR (101 MHz, CDCl3, ppm): § 171.70, 164.19,
132.51, 121.75, 113.90, 55.64.

2-Methoxy benzoic acid (3f).5!

2-Methoxybenzoic acid was synthesized with 60% yield according to the general pro-
cedure for the oxidation of styrene derivatives using bpy-UiO-Fe(OH)s (0.4 mol% Fe), 2-
methoxy styrene (1.5 mmol), HyOs (2.5 eq.) at 80 °C for 20 h. Upon completion, the
catalyst was removed by centrifugation, and the reaction mixture was treated with 1-2 M
aqueous NaOH to convert the acids to their sodium salts. The organic phase was removed
with CHCl3 (3 x 10 mL). The aqueous layer was then acidified to pH ~1 with dilute HCI
and extracted with CHCl3 (3 x 10 mL). The combined organic extracts were dried over
NaySOy, filtered, and concentrated under reduced pressure to afford 2-methoxy benzoic acid
product. 'H NMR (400 MHz, CDCl;, ppm): & 10.82 (s, 1H), 8.18 (dd, J — 8.3, 1.8 Hz, 1),
7.58 (ddd, J = 8.3, 7.3, 1.8 Hz, 1H), 7.14 (t, J = 7.8 Hz, 1H), 7.06 (d, J = 8.3 Hz, 1H),
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4.08 (s, 3H); 3C NMR (101 MHz, CDCls, ppm): & 165.66, 158.18, 135.22, 133.86, 122.27,
117.66, 111.77, 56.7S.

4-Chloro benzoic acid (3g). %

4-Chlorobenzoic acid was synthesized with 78% yield according to the general procedure
for the oxidation of styrene derivatives using bpy-UiO-Fe(OH); (0.4 mol% Fe), 4-chloro
styrene (1.5 mmol), HoOs (2.5 eq.) at 80 °C for 20 h. Upon completion, the catalyst
was removed by centrifugation, and the reaction mixture was treated with 1-2 M aqueous
NaOH to convert the acids to their sodium salts. The organic phase was removed with
CHCl3 (3 x 10 mL). The aqueous layer was then acidified to pH ~1 with dilute HCI and
extracted with CHCl3 (3 x 10 mL). The combined organic extracts were dried over NaySQOy,
filtered, and concentrated under reduced pressure to yield 4-chloro benzoic acid product.
'H NMR (400 MHz, DMSO-dg, ppm): ¢ 13.16 (br s, 1H), 7.93 (d, J = 8.0 Hz, 2H), 7.54 (d,
J = 8.0 Hz, 2H); '3C NMR (100 MHz, DMSO-dg, ppm): ¢ 166.5, 137.8, 131.2, 129.7, 128.8.

3-Chloro benzoic acid (3h).%

3-Chlorobenzoic acid was synthesized with 69% yield according to the general procedure
for the oxidation of styrene derivatives using bpy-UiO-Fe(OH); (0.4 mol% Fe), 3-chloro
styrene (1.5 mmol), HoOs (2.5 eq.) at 80 °C for 20 h. Upon completion, the catalyst
was removed by centrifugation, and the reaction mixture was treated with 1-2 M aqueous
NaOH to convert the acids to their sodium salts. The organic phase was removed with
CHCIl; (3 x 10 mL). The aqueous layer was then acidified to pH ~1 with dilute HCI and
extracted with CHCl3 (3 x 10 mL). The combined organic extracts were dried over NaySQOy,
filtered, and concentrated under reduced pressure to yield 3-chloro benzoic acid product.
'H NMR (400 MHz, CDCls, ppm): § 11.57 (s, 1H), 8.10 (s, 1H), 8.01 (d, J = 8.3 Hz, 1H),
7.60 (d, J = 7.3 Hz, 1H), 7.43 (t, J = 7.8 Hz, 1H); *C NMR (101 MHz, CDCls, ppm): §
171.23, 134.87, 134.08, 131.09, 130.42, 130.00, 128.48.

3-Nitro benzoic acid (3i).5?

3-Nitrobenzoic acid was synthesized with 73% yield according to the general proce-
dure for the oxidation of styrene derivatives using bpy-UiO-Fe(OH)3 (0.4 mol% Fe), 3-nitro
styrene (1.5 mmol), HyOz (2.5 eq.) at 80 °C for 20 h. Upon completion, the catalyst was re-
moved by centrifugation, and the reaction mixture was treated with 1-2 M aqueous NaOH

to convert the acids to their sodium salts. The organic phase was removed with CHCl3
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(3 x 10 mL). The aqueous layer was then acidified to pH ~1 with dilute HCI and extracted
with CHCl3 (3 x 10 mL). The combined organic extracts were dried over NaySQy, filtered,
and concentrated under reduced pressure to yield 3-nitro benzoic acid product. 'H NMR
(400 MHz, DMSO-dg, ppm): § 13.66 (br s, 1H), 8.61 (s, 1H), 8.46 (d, J = 8.0 Hz, 1H),
8.34 (d, J = 8.0 Hz, 1H), 8.34 (d, J = 8.0 Hz, 1H), 7.81 (t, J = 8.0 Hz, 36 1H). 13C NMR
(100 MHz, DMSO-dg, ppm) 6 165.5, 147.9, 135.4, 132.5, 130.5, 127.3, 123.7.

Conclusion

In summary, we have developed a robust single-site Fe(III) catalyst supported on a bipyridine-
functionalized UiO framework (bpy-UiO-Fe(OH)s) for the chemoselective oxidation of styrene
using HyOs as an environmentally benign oxidant. The catalyst enables tunable selectiv-
ity between benzaldehyde and benzoic acid by adjusting reaction conditions, delivering up
to 100% selectivity for benzaldehyde at 80 °C in 8 h and favoring benzoic acid upon ex-
tended reaction times. Control studies confirmed the heterogeneous, single-site nature of
the MOF catalyst, while recycling experiments demonstrated high stability with negligible
metal leaching. Mechanistic investigations suggest a non-radical pathway involving epoxide
and diol intermediates prior to oxidative C—C bond cleavage. These findings highlight the
potential of MOF-supported single-site iron catalysts as sustainable platforms for selective
alkene oxidation and offer new opportunities for designing environmentally friendly catalytic

systems for fine chemical synthesis.
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