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Abstract

The catalytic transformation of methane and polyolefins into value-added chemicals represents
a frontier in modern chemistry, offering a sustainable pathway to valorize abundant yet
recalcitrant feedstocks while mitigating their environmental impacts. Methane (CHa4), the
simplest hydrocarbon and a primary constituent of natural gas, possesses exceptionally strong
C-H bonds (dissociation energy ~439 kJ mol™!), rendering it chemically inert under ambient
conditions. As a potent greenhouse gas with a global warming potential 25 times that of CO2
over a 100-year horizon, methane is frequently flared or vented during oil and gas extraction
due to logistical challenges, squandering its potential as a chemical resource. Concurrently,
polyolefins—such as polyethylene (PE) and polypropylene (PP)—dominate plastic waste
streams, contributing over 50% of the 300 million tons of plastics produced annually. These
polymers feature robust C-C bonds (dissociation energy ~348 kJ mol™') and lack functional
handles, making their selective depolymerization into discrete molecular products a formidable
challenge. The selective conversion of these feedstocks into high-value products, including
methanol, acetic acid, and liquid hydrocarbons, holds immense promise for reducing
greenhouse gas emissions, curbing plastic pollution, and establishing a circular carbon

cconomy.

Achieving such transformations demands catalysts capable of activating inert bonds
with precision, operating under mild conditions, and maintaining stability over prolonged
cycles. Traditional heterogeneous catalysts, often reliant on noble metals (e.g., Pt, Pd) or harsh
conditions (T > 400 °C, P > 50 bar), suffer from low selectivity, overoxidation, and rapid
deactivation due to sintering or coking. Homogeneous catalysts, while offering molecular-level
control, are plagued by separation difficulties and poor recyclability. This thesis addresses these
limitations through the development of heterogeneous single-site catalysts supported by Metal-
Organic Frameworks (MOFs), a class of crystalline porous materials composed of metal nodes
interconnected by organic linkers. MOFs exhibit exceptional properties that revolutionize
catalysis: surface areas exceeding 7000 m? g!, tunable pore architectures (microporous <2 nm
to mesoporous >2 nm), and the capacity to anchor isolated metal centers at secondary building
units (SBUs). These features generate electrophilic, molecularly dispersed active sites that
mimic the precision of enzymatic systems, enabling selective bond activation and steering

reaction intermediates toward desired products.
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The electronic and steric environments of these active sites can be systematically
tailored by varying metal identity, oxidation state, and linker functionality, while pore
confinement modulates substrate accessibility and product diffusion, suppressing side
reactions. This work leverages these attributes to design MOF-based catalysts that utilize earth-
abundant metals (e.g., Co, Cu, Ni, Fe, Ru) and mild oxidants (e.g., H2O2, O2) or hydrogen (H2)
to achieve unprecedented activity, selectivity, and recyclability in methane oxidation and
polyolefin hydrogenolysis, respectively. The thesis spans multiple chapters, each dedicated to
a specific MOF catalyst engineered for either methane oxidation or polyolefin hydrogenolysis.
Through advanced synthetic strategies—such as post-synthetic metalation and reticular
chemistry—coupled with rigorous characterization (e.g., XAS, XPS, EPR, NMR) and
computational modelling (DFT), this research elucidates the structure-activity relationships
and reaction mechanisms underpinning these transformations. The following sections
introduce each chapter, highlighting the catalyst design, catalytic performance, and scientific

insights:

Chapter 1: Introduction to Metal-Organic Frameworks & Single-Site Catalysts

This chapter introduces the fundamentals of reticular chemistry, which systematically links
molecular building blocks via strong, directional bonds to form crystalline, porous metal—
organic frameworks (MOFs). It contrasts the predictable mechanisms of organic reactions with
the variable nature of metal-ligand coordination, emphasizing the roles of organic linkers and
secondary building units (SBUs) in dictating pore size, structural stability, and overall
functionality. Key concepts such as modular design and isoreticularity—where variations in
linker length allow for precise tuning of pore dimensions while maintaining the original
framework topology—are illustrated with examples like MOF-5, HKUST-1, and UiO-66. The
chapter also introduces the concept of single-site catalysis, wherein isolated metal atoms are
anchored within the robust environment of MOFs. This approach combines the high selectivity
and atom efficiency of homogeneous catalysts with the durability and recyclability of
heterogeneous systems. Strategies such as intrinsic linker stabilization, post-synthetic
modification, and metal node anchoring are briefly discussed as methods to immobilize and
stabilize these active sites. Overall, the chapter establishes a comprehensive framework that
not only explains the synthesis and structural diversity of MOFs but also sets the stage for their

application in advanced catalytic processes. By highlighting both the architectural and
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functional versatility of MOFs, it lays the groundwork for exploring next-generation, energy-

efficient technologies in gas storage, separation, and sustainable chemical transformations.

Chapter 2: Materials & Methods

This chapter delineates the comprehensive experimental framework and methodologies
employed in the synthesis, characterization, and analysis of metal-organic framework (MOF)
catalysts. Starting materials, reagents, and solvents were sourced from reputable commercial
suppliers, with critical isotope-labeled compounds and specialized ligands procured to ensure
precision. Rigorous glassware cleaning, involving sequential solvent rinses, alkaline base
baths, and acid neutralization, ensured contamination-free environments. High-pressure
reactions, conducted in specialized reactors, incorporated stringent safety measures to mitigate
risks associated with explosive gas mixtures, while air- and moisture-sensitive procedures were
executed in a nitrogen-purged glovebox. Advanced characterization techniques, including
powder X-ray diffraction (PXRD), Brunauer-Emmett-Teller (BET) analysis, Fourier transform
infrared (FT-IR) spectroscopy, thermogravimetric analysis (TGA), and X-ray photoelectron
spectroscopy (XPS), were employed to probe structural, textural, and thermal properties.
Elemental composition and surface morphology were assessed via inductively coupled plasma
optical emission spectroscopy (ICP-OES), scanning electron microscopy-energy dispersive X-
ray spectroscopy (SEM-EDS), and synchrotron-based X-ray absorption spectroscopy (XAS).
Reaction outcomes were analyzed using nuclear magnetic resonance (NMR), gas
chromatography (GC), and high-performance liquid chromatography (HPLC), supported by
isotope labelling and internal standards. Theoretical insights into catalytic mechanisms were
derived from density functional theory (DFT) calculations, incorporating solvent effects and
spin-state energetics. Collectively, these protocols ensured robust, reproducible experimental

workflows, underpinning the reliability of subsequent catalytic studies.

Chapter 3: Metal-Oreanic Framework-Encaged Monomeric Cobalt(lll)-Hydroperoxides

Enable Chemoselective Methane Oxidation to Methanol

The advancement of catalysts capable of mediating the chemoselective oxidation of methane
to methanol under mild operational conditions remains a critical challenge in heterogeneous

catalysis. Herein, we present the rational design and synthesis of a single-site cobalt-hydroxide
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catalyst, Ce-UiO-Co(OH), immobilized on the nodal structures of a cerium-containing metal-
organic framework (Ce-UiO-66). This heterogeneous catalyst demonstrates exceptional
efficacy in the partial oxidation of methane using hydrogen peroxide at 80°C, achieving a
methanol production rate of 2166 mmol gear! with 99% selectivity and a turnover number
(TON) of 3250. Comparative analysis reveals that the Ce-UiO-Co system substantially
outperforms its isostructural zirconium analogue, Zr-UiO-Co, in both catalytic activity and
product selectivity. Integrated experimental and theoretical investigations elucidate the
formation of a key Co™(5?-hydroperoxide) intermediate, stabilized through coordination with
a us-O" ligand and two carboxylate oxygen atoms derived from the Ce*" oxo nodes embedded
within the Ce-UiO-66 matrix. The catalytic cycle is governed by a turnover-limiting step
involving 6-bond metathesis between the activated cobalt-hydroperoxide species and the C—H
bond of methane. Enhanced catalytic efficiency in Ce-UiO-Co is ascribed to the pronounced
electron-deficient state of the cobalt center within the Co(3?-O2H) complex, a consequence of
electronic modulation by the Ce-UiO support. This electronic configuration significantly
reduces the activation energy required for methane C-H bond cleavage, enabling efficient
catalytic turnover. The strategic integration of single-metal sites within MOF architectures
provides a robust platform for engineering electrophilic catalysts using abundant metals,
highlighting their potential for the selective functionalization of inert alkanes and advancing

sustainable hydrocarbon conversion technologies.

Chapter 4: Synergetic Ni-Ce Active Sites in Mixed Cerium/Zirconium Metal-Organic

Framework Nodes for Selective Methane Oxidation into Ethanol

The catalytic oxidation of methane to ethanol under mild conditions represents a pivotal
challenge in sustainable chemistry. This study introduces a heterobimetallic Ce/Zr-UiO metal-
organic framework (MOF) functionalized with isolated Ni(II)-hydroxyl species [Cex/Zry-UiO-
Ni(OH)] as a high-performance catalyst for this transformation. The UiO architecture,
renowned for its stability, incorporates zirconium to enhance structural integrity and cerium to
enable redox flexibility. The Ni?" active sites are uniquely coordinated within the mixed-metal
nodes, bonded to a u4-O7, a hydroxyl ligand, and two carboxylate oxygen atoms linked to
adjacent Ce*" ions. Advanced characterization techniques (e.g., X-ray absorption spectroscopy)
and density functional theory (DFT) calculations reveal that the synergy between spatially

proximate Ni and Ce centers, combined with the confinement of mononuclear Ni species within
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the MOF pores, facilitates low-temperature (80°C) methane activation. The catalytic process
involves homolytic C—H bond cleavage, generating methyl radicals (*CHs3) that undergo
selective C—C coupling within the porous framework to yield ethanol. Remarkably, the catalyst
achieves an exceptional productivity of 6521 mmoletanot gni' with >93% selectivity.
Mechanistic studies highlight a dual catalytic cycle driven by dynamic Ce—Ocarboxylate bond
dissociation and Ni-(u2-OH)-Ce bond formation, enabled by Ce*" doping. This reversible
structural rearrangement at the node is critical for efficient radical generation and catalytic
turnover. The work underscores the potential of mixed-metal MOFs in engineering cooperative
active sites for alkane valorization. By leveraging the complementary properties of Ce (redox
activity) and Zr (stability), this design strategy offers a pathway to efficient methane conversion

at near-ambient temperatures, contrasting energy-intensive industrial processes.

Chapter 5: Selective Methane Oxidation to Acetic Acid using Molecular Oxygen over a Mono-

Copper Hydroxyl Catalyst

Acetic acid is an industrially important chemical, produced mainly via carbonylation of
methanol using precious metal-based homogeneous catalysts. As a low-cost feedstock,
methane is commercially transformed to acetic acid via a multi-step process involving energy-
intensive methane steam reforming, methanol synthesis, and subsequently, methanol
carbonylation. Here we report a direct single-step conversion of methane to acetic acid using
molecular oxygen (Oz2) as the oxidant under mild conditions over a mono-copper hydroxyl site
confined in a porous cerium metal-organic framework (MOF), Ce-UiO-Cu(OH). The Ce-UiO
MOF-supported single-site copper hydroxyl catalyst gave exceptionally high acetic acid
productivity of 335 mmol geac’! in 96% selectivity with a Cu TON up to 400 at 115 °C in water.
Our spectroscopic and theoretical studies and controlled experiments reveal that the conversion
of methane to acetic acid occurs via oxidative carbonylation, where methane is first activated
at the copper-hydroxyl site via o-bond metathesis to give Cu-methyl species followed by
carbonylation with in-situ generated carbon monoxide and subsequent hydrolysis by water.
This work may guide the rational design of heterogeneous abundant-metal catalysts for the
activation and conversion of methane to acetic acid and other valuable chemicals under mild

and environment-friendly reaction conditions.
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Chapter 6: Tailored Pore-Confined Single-Site Iron(lll) Catalyst for Selective CH4 Oxidation
to CH30H or CH3CO:H Using Oz

Direct oxidation of methane to valuable oxygenates like alcohols and acetic acid under mild
conditions poses a significant challenge due to high C—H bond dissociation energy, facile
overoxidation to CO and COz and the intricacy of C—H activation/C—C coupling. In this work,
we develop a multifunctional iron(II1) dihydroxyl catalytic species immobilized within a metal-
organic framework (MOF) for selective methane oxidation into methanol or acetic acid at
different reaction conditions using O2. The active-site isolation of monomeric Fe(OH):
species at the MOF nodes, their confinement within the porous framework, and their electron-
deficient nature facilitate chemoselective C—H oxidation, yielding methanol or acetic acid with
high productivities of 38,592 pmolcuzon gre ' h™' and 81,043 pmolchscoon gre™ h'!, respectively.
Experiments and theoretical calculations suggest that methanol formation occurs via a Fe'll-

Fel-Fe!! catalytic cycle, whereas CH3CO:H is produced via hydrocarboxylation of in-situ

generated CHsOH with CO2 and Hz, and direct CH4 carboxylation with COsx.

Chapter 7: Architecting Molecularly Dispersed Cu(l)-Active Sites at UiO-MOF Nodes for

Thermocatalytic Oxidation of Methane to Ethanol Using O2

The direct conversion of methane, a cost-effective C1 feedstock, to ethanol presents a
sustainable alternative to crop-based production, but faces challenges due to C—H activation,
C—C bond formation, and overoxidation. We report a Cu(I)-catalyst supported by zirconium-
based UiO-66 metal-organic frameworks (MOFs) that catalyses methane oxidation to ethanol
at 100 °C in water, with 5196 pmol gcu!' h™! productivity and up to 71% selectivity. The Cu(I)
species, stabilized by Zrs-oxo nodes in the MOF, activates O2 and methane under mild
conditions, generating *CH3 and *OH radicals, which couple to form ethanol via a Cu'-Cu"-Cu!
cycle. Experimental and computational investigations demonstrate that pore confinement,
internal mass-transfer limitations, and radical dynamics regulation are pivotal in maximizing
ethanol yield, with pore confinement promoting radical recombination, and restricted mass
transfer facilitating diffusion of methane over ethanol to the active sites, thereby mitigating
overoxidation. A higher Cu-to-Zr ratio enhances ‘CH3 formation, promoting C—C coupling and

minimizing byproducts by suppressing overoxidation.
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Chapter 8: Isoreticular Metal-Oreanic Frameworks Confined Mononuclear Ru-Hydrides

Enable Highly Efficient Shape-Selective Hydrogenolysis of Polyolefins

Upcycling non-biodegradable plastics such as polyolefins is paramount due to their ever-
increasing demand and landfills after usage. Catalytic hydrogenolysis is highly appealing to
convert polyolefins into targeted value-added products under mild reaction conditions
compared to other methods, such as high-temperature incineration and pyrolysis. We have
developed three isoreticular zirconium UiO-Metal-Organic Frameworks (UiO-MOFs) node-
supported ruthenium dihydrides (UiO-RuH2), which are efficient heterogeneous catalysts for
hydrogenolysis of polyethylene at 200 °C, affording liquid hydrocarbons with a narrow
distribution and excellent selectivity via shape-selective catalysis. UiO-66-RuH2 catalyzed
hydrogenolysis of single-use low-density polyethylene (LDPE) produced a C12 centered
narrow bell-shaped distribution of C8-C16 alkanes in >80% yield and 90% selectivity in the
liquid phase. By tuning the pore sizes of the isoreticular UiO-RuH2 MOF catalysts, the
distribution of the products could be systematically altered, affording different fuel-grade liquid
hydrocarbons from LDPE in high yields. Our spectroscopic and theoretical studies and control
experiments reveal that UiO-RuH: catalysts enable highly efficient upcycling of plastic wastes
under mild conditions owing to their unique combination of coordinatively unsaturated single-
site Ru-active sites, uniform and tunable pores, well-defined porous structure, and superior
stability. The kinetics and theoretical calculation also identify the C—C bond scission involving

p-alkyl transfer as the turnover-limiting step.

Chapter 9: Conclusion & Future Outlook

This concluding chapter summarizes the key outcomes of the thesis, which focused on the
development of MOF-supported single-site catalysts for the selective transformation of inert
hydrocarbons under mild conditions. The research demonstrated that rationally designed metal-
organic frameworks, incorporating molecularly dispersed active sites, can facilitate challenging
C-H and C—C bond activations with high efficiency and selectivity. The chapter also outlines
future directions, including the scalable synthesis of catalytic MOFs, in situ mechanistic
investigations, and expansion to photo- and electrocatalytic platforms. Finally, the chapter
reflects on the intellectual and experimental evolution throughout the doctoral journey,

highlighting the value of perseverance, collaboration, and scientific curiosity.



Preliminary Pages

AR

A SR UreSHTe g & Teaafid JAaH! H SERS URacd Sy xaeH o 3 U
3uft 85 & U H IR WM 8, S YR A H ITA R FOR BISwKId bl JegdH
IdTe! H gRafid $HR- &1 U R A1 U™ SRl §, 91 1 3-b Taiavuiig gHTal &f off
HH TRl g1 AU (CHe), TIY TA BIESIBIE 3R WHidd 19 HT T WE U,
AY® Holgd C-H §1s ([qge o1l T 439 ki/mol) XTI &, oY I8 M=
yRfRufaat & Tamafe wu 3 fAfesg Tgdr 8 | Te uHERmed fiHgeT T & Tu H, st
Ay a9 gfS &mar co, ® AT H 100 I A 25 T[T 8, AT B A 3R 19 Fswefur &
SR SRR ST T FRebTell 9rdT 8, o9 39 I9™afAe 918" & 0 H SUIRT &I
T3 T Uy BT |1 I g, Ueneiieifhg— o & ufeldi= (PE) SR
OrevdTSe (PP)—WiiReds SUfRy urrel # yadr ¥ fagu g of aiffie = 9
Iafed 300 e e wifesd | @ 50% T 3if¥H ANGH Hd 3l 37 BISKeT Bl
FTHS UiaRvl, forad AYMIe, TRIR® TRIS (CH3COxH) 3R IR g2 IdbIa- TMHa
2, TeIeY 1 Icoi & HH 63, WIRked TGN oI Fifd d 3R Teh URepIH H1a-
JSHTRIT Ht RITGAT H S FHIGATE UG Bl & | T uRad= & urd &34 & forg
Y IERS! DI TS Bl & ol M 78" & Glohdl § Ifhd B T, A
IR § 1 B3, 3R &9 Tehl & SR FRRAT §91T [ | TRURS fuH ISRB, S
SRR Aed U1t (G fb pt, Pd) A1 HSR TRFRAUTIET (T > 400 °C, P > 50 IR) WR F1R
B &, HH IIARITAT, AP HTFBRUT 3R R a1 a1 Hifdh 11 b HRUT aRd RS
& TERT ¥ R ¢ | T81, TR SoRE, Sl SUIfde TR R FEF0 UeH axd §, 31
JYTHRU DI HfSAZAT R HHGR GAAH Ul BT HAT BT ST &1 T8 MY Aed-
3 HHIRT (MOFs) GRT JART fauH Tehd-Rid IoR®! & f[ae™ & dA1eod ¥ 34
Hrrsft BT Jaferd HRAT 81 MOFs U1 Ay gRT MUy # 8 Sfaws feiwl & ffifa
fopsectia fysgar Tardf o1 v Aoft 8, Forel T armeimeor 7o €1t 2 off SR s
8: 7000 m2/g T 3{fYPH Bt Idg ST, THRIY g TN (HISHIURY <2 nm J THORT
>2 nm %), 3R fgdiae fafor se=al (sBUs) & QU U1 el oI TR &1 Bt &l 3
fIRAvaTE SaacIbfee, sufas U ¥ faufkd Tfera ®id I Rt §, off Toshfes®
yunferl &1 Gledhdl Bl Thd B &, IITHD s Jihaul 3R Ufafhar Heaady &1 gifed
Idrel o1 3R R ® # ggas gl 8

S Uiohd WAl & faggd SR RN aTdTeRvl & 4T 1 UgaH, STaiihRur SaRT,
3R foiex e 8§ uRad- s Sgaiyd © 0 ¥ 3Hierd [l Sl Tahdl g, Siafh (9%
Uiy RIee &I Ugd IR TG YR B (A o g ufdfeharstt & garar g1 39
MY T S 701 BT TH I3Td §U MOF-UTRT ISRP| b fSwrg fowam man g, ot gt o
TR AT B SUasy Tt (S f& Co, Cu, Ni, Fe, Ru) 3R 91 SRS 1 & 10,
oz)msﬁgﬁm(m)wwmﬁ%&ﬁa@waﬁwﬁaﬁﬁﬂg@ﬁﬁm
T 31Ydgd Tfafafer, To=iear auT g urd Ui oRd ¢ | I8 Y o el |/ fquiford
2, O ¥ ud® & AR MoF IaRke & forg wwftfa o mar B, g ar d AdA
SHTeRfT a1 Ticitsiieifth gregemIensig & fore sifiygifd farar mar 81 I9d Sayur

X1



Preliminary Pages

OIS foh UiRe-Ridfes Tedw SR MEHaR IqRA—F A-1Y HSR RA
(S & XAS, XPS, EPR, NMR) 31R SCIAd IS (DFT) &1 SUURT 3d gY, I8 Y
31 gRkad ufshanett & siafifed TRa1-forarsiiardr Tael ik ufafshar o3 & Wy Hra
21 3T U U 3earg &1 Ui fean man g, o SaR® fewigH, 38R Uex
3R AP ST} BT ISR fHar T |

S/ §. Beer-Sffilid BHIR 3R Uhe- BT SaND] I GRTT

g AT CHIER AT & A RIG Il BT URed HRId1 6, S Aoigd, [G=m-FeR sigy
& HIegH 9§ SMUIfae (AT Wel & afyd U ¥ Siedr fhedd, agad Acd-
31T ThHaR] (MOFs) &1 T SRl 31 I8 ifass ufafssarstt & gafgmfa d=f &t
T UG- forTS - &1 IRad-1a U a ¥ HR1 6, IR 5% SMHR, TS R
JYT Y BrieEdr B Fyia B § Sifde fiex ok fediage fafu se=al (sBus) @
YA@wTelf R 90 a1 51 ATSIeR fSoe 3R MEaRfeagaiRe! o we Rigid—sl
fiidR Pt dars Al ¥ 9a thHdd cididrel &I §-Y 3ad gU &% ! &1 ucid
AT YHT BT 8—BT MOF-5, HKUST-1, 31R Ui0-66 SI¥ I<TgRUN & ATHH T WY
foar T B 1 S1ea H U d- A ISR Bt S@yrRun & off U foran g, o gue
eTd TRATI[SHT BT MOFs o HSIgd aIdIaRol # GiRd fhar ST 81 98 e Iu ey
JAR®| B I FITRIAAT 3R URHTY] G&reT 1 s qunferd) &t fRRGT 3R Gdehural &
Y SredT g1 3iale e e, Uie-Ridfes T=neq iR u1g e dR St
WW@MﬁWﬁW%,W?WWﬁ@R@TWW%W
& U T YT ST § | ol TR, T§ ST MOFs o WUl 3R IR fafaerdr
ﬁW%wam&mWWﬁﬁWW%ﬁmwwlw T U
FRAT &1 MOFs &1 RIUG 3R Hrfdis Jga@t UfdHT &I SWFR ad, I8 19 HSR,
JYFRUI, 3R R IS aRad § 3ATeht Gt &Y, Soll-$RIa db-id! di @il &
foTT 3R IR FHRAT 5|

/7 . GIHIAg] Ug 31T

g e Ned-3AA® THadh (MOF) ISRD! & T, TR=Awr, 3R fazayor § ygad
Wmﬁaﬁﬁaﬁ?mﬂmmﬁwuﬁaw%lmmaﬁwﬁ 3ffiepTics
3R faemae ufaffd aiftifcus sgfdearst ¥ U ot e, Safe Agayuf sredcu-ded
Wsﬁ?ﬁﬁm%ﬁ@mﬁﬁ%wﬁ%ﬂwwmmmmqw qupTs—forad
it A U, &R 9 A 3R 3 gaTgorH A - TgyUI-Had aTdTaxul
gFfEa foran faRfierd Ruaet & Tarfea S=-ara ufafsansii & faxwies 1 figyon 3
IS SIRAA B HH B 8g B YR I YA Y, Safds gaT iR TH-Tae-=id
uﬁmﬁm@mﬁﬁaﬂ@aﬁmﬁﬁmﬁﬂﬁnémaﬂawaﬁﬁ%ﬁﬁ?m
TR faad (PXRD), AER-THE-CR (BET) faweiwu, Ug‘i’&ﬂ SIBIH SRS (FT-IR)
W, yHfaAfee fATawor (TGA) 3R TRIX Wieigdded WaeRBIU (XPS) &1
ST TR, a:rraeﬁtreﬁ?aﬁnwaﬁrm%gﬁﬁmW|aaﬂuwaﬁww

xii



Preliminary Pages

T BT 3ATH e s3faeda HUTS WIoHT HTPHE THRM WaeRBIUT (ICP-OES), Wh i
S IS RDIUT-Tol| fewaRia TaI-X WaeRPIUT (SEM-EDS) 3R Righiei-smemd
TF-X 3ol WD (XAS) GRT foodm a1 | Ufcifohar gfRomdt &1 faxasor =faeer
Ifesd INHT (NMR), T BIHSUTHT (GC) 3R I UG dRal HhIHCRITHT (HPLC) &
A1 § o T, o SMSHieT dafelt iR SidRe AF®! gRT JHY U AT SARS
I3 # Jgifae el gd Bar Rigid (DET) TuMHTSH § U o 1, fomH fadmas
U1 3R F- U Sort Afdferd § 1 39 Tieiap e - IHfe® U § Holgd U4 JIS G
YRS B YaTE A3 [T, S S IadhR SRS gl & [AyT-IadT &1 YR
Cal

eI 3. Heqd-3ili-1e BHdH 4 GaTF HHHNE Bidcl)-GlRSIaNIFIEsd gRI
PO FT B9 HRABYT & BT BT FHIGT

g ufvare aRfRufaal § A9 & HHNaed TRITHRUN GRT AYME &1 IdTGT B
o e IARD! H1 I [T ISR A T AGAqU! g a1 §% ¢ | Ta1 89 Uha-=id
PP A-BRSIRIZS JAR®, Ce-Ui0-Co(OH), I dHIUTA [STIZT 3R TR DI U
Hd g, o INTH-gad Aca-3iiife hHaH (Ce-Ui0-66) & Aied TRa-ISH TR 3d
foar T g1 T8 fauH IAR® 80°C W TZSoH RIS HI YA Hd g4 HIT &
3R Sifafipur & SRR YHTaRedr UefRid HRdl 8, S8l 99% Tg-=iied & Iq1d
2166 mmol g_cat! ! AU IATEGH & 3R 3250 BT TH3MNER R (TON) W Bl ]
IS fazamur § g8 WY Bl 8 fF Ce-Ui0-Co WU ISR TIfafafer 3R e
TR G B 307 IIEY fSRSITH TA@IM, Zr-Uio-Co, ¥ T AF TeRi Bl
21 JAfPd Ui Ud Sgifde SHU™ ¥ Th UHE Co(Ill)(72-8T3S RT3 S) HeHrad!
& fAmfor o Ty forar B, O 14-0 fofis 8iR Ce-Ui0-66 Afea # siafifga cet+ sifay
T T U &) Freffagaie sifadior TRAET & gA-ag gRT fRR a7 S 81 IARke
Teh U CHAaR-Td TRu1 gR1 Fafd gar 8, R ufehd Sl d-gg SRz S Uoifd
IR AV & C-H T8 & o9 o-918 AR M 81T 81 Ce-UiO-Co H TG 53 SORD
(AT DI Co(2-0-H) I b HIdR Didhd dhg D Ii@-1d Faidgi-gcdhald SawIl
& SR GHET AT 6, A Ce-Uio THYT gRT fagyga Afega=e &1 uRkomd g1 a8 faggd
o A% & C-H §18 fau™H & U srawaed AfHaur ol &I HTH! HH &R odl |,
T THTET IARS eH3iIaR THT 1 UTal 8 | MOF IRa131 & HidR Teha-4Tq i@l &l
Ui ThiepR 01 YR AT H IUdsy T3 BT IUTNT dhrd §U Sl thicid SBRDI &b
fAATor & fore Ueh AoTad Hd Ue &l 7, Ford e Sieahei & 9a-Td s thaRMaTg o
ud R g IHTe uRadd Wenfifesdl & fasm Bt UG ISR gidl g

Xiii



Preliminary Pages

eI &, AT GRTF/IoRBIATH Hed-Sf711% BHas 7157 § &7 Ni-Ce TiHT
&/ GRT FIFIHE HIT JFNHITT G Te7ieT BT Fegre

g gifufaat & 99 &1 T3 & SoR® SHiaieur Rt Tuma= fag # te Heayguf
A URgd Rl & | T8 AT T fawH-fg-81q Ce/zr-Ui0 Hed-3HH® HhHadh (MOF)
T Rl &, o gU® Ni(1)-gR3Ifad USIfaal [Cey/Zry-UiO-Ni(OH)] & TTY HriRftd
T T |, O 39 URdd" & ol U 3= TSR SARP & U & B Bl ol
Ui TXaH1, {0 FRRAT & fort Ui, TRE-TE® SRSl S ad R 1aH 3R YSIa
ety o fore Afvad & enfid SRt 8 1 Ni2+ afohd wid ffia-arg Ay & ik faldry
¥U Y GAFD 81d €, Sl & -0, U gIeaiad i, aul gl dIeifaude Sfiator
RATUL3T J & Bld §, S ST Cet* ST T IS Bl € | 9 ARV dbeiteh! (o fob Ta-
Y 3feaTRT Wae e ) 3R 8- B fRIGId (DFT) TUMTST ¥ I8 Ual Il & foh R
w0 ¥ Fde Ni 3R Ce &l & o1 TGANT, MOF &gl & HIdR AFRgfaeaR Ni Toffedl &
gfaey & Iy fAde:, 80°C R Y aroHE W A Ifehgul &1 TR §91d1 81 39 SARD
Uik & gHHIAfcd C—H §is fauTe wfia giar 8, g uRumRasy iy Aswd
(+CHs) 399 BId 8, S f5agad ThHdd o ok Ia-TdS C-C T & HIeqH J T BT
fafor Ha B 1 favy ®U I, 98 IARS >93% TR & 1Y 6521 mmoleirta gni”! DI
SYTYRY IATGH T ST HRdl 5 | A 3reaa I8 Ht SR & g fob ifasftd ce-0-
FHraRIce 98 fdged T Ni-(1-OH)-Ce 78 AU gRT T=nferd U g4 SRS b
HTRA B, SR e ST Fe 91 g 1 7S WR I8 Ufdad-1a TRemTeTe Jeiawl HTd!
AEHa i R IR THeliaR & oy 3fdd Hedqu ¢ | I8 H1 FAf¥d-41g MOFs &t
&I &) i d HRdT ], S 3o & HeaadH & fore wgant ufera widl & Sifiior &
TS g BlA B 1 Ce ST TAfafd) 3R zr ((RRIRET) & TRER b 07 T AT ISThR,
Ig fEoTg UM TRTHAT JrE=T ITIHT UR YIS B ORad ol A1 UeH &dl 8, S
ST e ufsharal & fAudid 21

eI 4. H)]-BIR SIS SRIcT FERD GR HUIa% SR IorT T 3TN &V §U T HP
197 SiFHBYT & TlicE TS &1 Il

Rifew IR T Sifie €U ¥ Agaqul IMAHS §, S 987 ©U ¥ ST U1g-
YT TR SER® | BT SUANT HRdl §U BUTIT b HIAFISARM GRT ITIGd [T STl
g1 U& (Y-ANTd Bigeld & ©U §, B & s U § thifes s # uRafdd
FRA g U Sg-aRUg UfehdT S(U-Ts St 7, o Srorl-TTe A4 WiH gUR, Ay
G 3R UYTd YT DTSR A § | T81 67 Th AHI-HI0R SRS RId
WR, S U& foggad IRTH Ded-siiiffae BHad (MOF), Ce-UiO-Cu(OH) H Tiffd 8, &
SR I gRFRUfa & Suifads SRfSH (0,) B sffaiiac & &0 H ITANT $HRd gu A
T TRIfe® TR &1 Udel Uea-aruiig aRads KUl #d §1 Ce-Uio MOF gRT 9Hfd
Uhd-Bd HIUR TSR SERD = 5dd T 115 °C W 96% IGRIA & 1Y 335 mmol

¢ cat! DI AYYRY I TRITeSw TRIS IATGHAT 9UT Cu PT eH3{IaR HaR (TON) 400 IH
U T AR Wi, Vgifae 3remamt 3k Frifid v @ wy giar § i Ade

X1v



Preliminary Pages

3 tRifes uRrs o1 uRad sifRiiefed wrafrgawH & H1erd ¥ gidr €, Sigf A2 &l ugd
HIR-BRSIRI BT R o-878 ATARN GRT Fiehd B Cu-THUTES Uil I &bl et
2, Forad uyrd 3-Rig IUF B AFISHIRITES & I HEMZARH 3R od gRI
SIS BT 81 U8 H1 Ui U4 yafaRur-sga ufafssar aRfufedt & A9 &
ﬂ%ﬂé@?%%@ﬁﬂﬁ@lﬁ@ﬁﬁ%ﬂﬁﬁ%ﬁ@ﬁﬂﬂmﬁwm
THar gl

eI & STPplcld [SE-TIdaldd Thel-BicT SIAN(l) SHRF G FITHD CH,
SHIRABI G CH30H TT CH3CO-H BT IHTG (02 BT 3GV Fd §T)

I gifRyfaat o 997 &1 e SHfRfiwur s Sredpieed 3R Tfifed This o gegaH
SffeiSgad A U BT Th Agaayqul gl g, Fifs 398 3o C-H §is fageq
Soll, CO TG €O, T M I IS SATRIIHRUT qUT C-H A(haul Td C-C HA B}
SfeedT M | 1 39 T H, §H U 9g 31T SMRA(II) STReIE SN SR Fold
o1 fder R &, o T Hed-3iiiiRe Thraad (MOF) & HidR 3rad fovar T §, aifes
faftrst ufaforar aRfRUGTT & 0, &1 ITTNT HRd T B &1 IGIHS FU § YIS a1
wRifed TRie & fTRitHRUT fdar ST ¥ | MOF 1€y IR HFMAR® Felll(OH), USlTfadl &
Tiohd RIT GYaHRT, faged hHds & iR 3@ Ufdey aUT S9! gaac H-gcha
U fd FHITAded C-H HTRIHRUT B GAUTSHE §Td 5, foTIh HeRaey HHTT: 38,592
umol con gre! h! 3R 81,043 umolchico:t gre! h! P I IATGH T W@T‘ﬂ%l mﬂﬂqa
Agifdes TUMATE Hobd &t § o DUTIE &1 AT Fe(I11)—Fe(1)—Fe(I11) SER® deh &b AIHH
T BT 8, S CH:CO:H & ITGH $-RIg 3@ CH:0H & CO» Td Hy & 91y
BISSIBISIaITS AR adT CO» & AT 1Y CH., HTATRIZARA I Blal 5|

eI . UiO-MOF T1SH G¥ HUIa% &G & [FHFT Cu(l)-TiHT &l &I 17410 F3e
yHIFlaeE HFHABIY ZRT O, & TTANT & BIT & TI71dT BT Faala

T, 5 for U frmradt ¢ Bl 7, BT WY THla § uRadd haa-SHTemid Sdred
& fore Uer Wt fadhed URgd &Rl 7, TR 398 C-H 9fhau, ¢ 818 i ud srafeie
3Tt Y Aot faerd §1 89 T Cu()-3aRe 1 RUIE &vd &, o RRapifaH-
3MTRA Ui0-66 Hed-3HTTRe ThHaa (MOFs) gRT 9Afd fear man g, Sl ofd § 100 °C R
AT HTRNBROT § TIATA BT IATGH BT 8, 5196 pmol geu! h! B IJATGHAT TUT 71%
d% IgRAed] T @%d §U1 MOF H Zre-3fiqdl A1gq gRT RN cu(n) vonfa I
gRRfRUfaat & 0, TUT BT HT Afcha Bt &, TR «CH; T «OH &Hd I 8Id g, off
Cu(l)-Cu(Il)-Cu(l) IF & A F AT gl TIATA BT 40 Hd & | Ui ud
U SFTEH ¥ I8 R g1a1 © b fg oy, siiafves goamm-wimiaRor Hm wd
fEHa ia=iterdr &1 =01 THia Su &1 iftidmad - § s Yftret AuTd 8, siel
&g ufasy Yewa T:iea= & Menfed sar g aur Hid TooH IR Aihd ®idl
d® A & TR B JRAUSHS s 3, PR afie AT Riiao &) AwT S 96 |

XV



Preliminary Pages

I Cu-Y-Zr AT -CH; U0 & Fgrar §, o ¢-¢ g+ &1 Uiere- firear g ud
ATAH HTRIBUT Pl GEIHR UG ! gATH fHaT AT 5 |

eI ¢. HEANICE Hed- - BHIR 4 FIaadd TTJFTaR Ru-ElEeleSd GRI
GIASIAN B @& HBN-TI7HE BI3SIoTIcnsiad 4 T= F&fdl

gt fIeh e oI TR-Sifdd WiRed &1 IS G 3fdid Hgaqul §, Fiifd S| AR
ol AT TUT SUTNT & YT 37 HUCH &1 T ST I8 & | SERD SRS oIz ey
grcsiieliith—1 &1 aferd Jeuaftld Idmal # uRafdd & & e sfdd dv® g, favy
¥U Y I dTIHM TR <8 Ud Uiz ey o fafd &t gan , aife g8 ana ufdfsan
ufkfRufaat # foar SrdT g1 g9 dF smeaRfess RR®IH Uio-Aed-3iAd thraawd
(Ui0-MOFs) gRT IH1d Saf oy SI88RsIssy (Uio-Ruly) fasa fu §, St 200 °c R
Uil & gIEgoars g & it $urd favd IaR® g Bid §, 3R MR- TS
IR & ATHH T TP 101 fGaR01 a7 SH Y Ta-=Nadl & 1Y TR SIS gIbTa UaH HRd
81 Ui0-66-RuH: §RT IBINT ThHd-IUaNT Al-SfRI el (LDPE) F1 RS oIy
TRA AR H >80% IUS Td 90% TIARNCAT & T Cs—Ci6 el DI Ciz Disd HepIof
Hl-HTHR IR UM Fal 1 SAZARICH UiO-RuHz MOF IAR®! & 5% HHR DI
TN R, STG! & [GaRUT &1 AR U 4 gRafed (a1 off §ebdl &, foRe™l LDPE
¥ 3 IUS T AT SU-US TRA g8 sidTa U U ST ¥or | §HR Wae iU Td
Jgifasd st auT FEfd vae 9 98 f4g 811 § % Uio-RuH: SOR®, TH-aards®
w0 § RIqW THA-RA Ru-Aihd RId!, 9 U9 GARIeY i, goaared foaged
T Ud I Y FRRAT & Sifgeii TaoH & SRl 9 uRfRufadl § wifies safist &
31T PRI SUATSIFEATT B1 WeH R & | W1 Y, TMiaep! Ud Vgifaes o 78 off Gova
St 8 foh p-UchISd SIRITR I IMMAS B U C-C §18 BT fawe ersiiax-Hifid aRurg|

S/ETY Q- (T8 3 I3 ] EGET

T8 QAT T 39 MY Y&Y & o7 FhuT &1 IR T Bl &, ot &g fog 7g
uRkfufoat o fAferg gRSIFEHl & To-Td® E Uik & g MOF-TAlfd Tha-uge
IARD! BT faHr oT| 39 MY H Ig U Rd fovan 741 i gfadyde fSems farg T Hed-
3t g, oFH suifde wu ¥ faaRka afy wa i § 3= <ardr 3R
TATHGAT & Y HST C-H 3R C-C eif B} Tfehadt BT G&H HR Tobd o | 37eard o
Hfasy ot Iuifaa fazmait &1+t aui= fosar mar 8, S9H SIS MOFs &1 98 THR R
Gy, gYTRUfA Tifes ST, T iel- 3R faggd-3aR® WewH! &t 3R fawdr wfia
g1 3fdd:, T8 AT IR SIFeRd I & SR sifgd 3R TMHe e iR H R
PR B, 3R g il & fb Tgdl, Tgam, 3R dxfe o &1 fbdn dew 2|

xvi



Preliminary Pages

Table of Contents

CertifICATL..uueiirieniiitectiintectiintecttestessateseesssessssesssessssesssessssssssessssssssesssssssssssssssssasssassssasssases i
ACKNOWICAZEIMENLS...cciceniurriciscsuniecssssariessssssresssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssss ii
ADSTIFACT.ccuuiiiieiiiiiniiininnicisntinsstisssiesssresssssessssscssssesssssssssssessssssssssssssssssssssssssssessssssssssssssssssssnsnes iv
LSt Of FIGUIES .ouuerieueiiiiniiiiniininiinsnncssnncsssicssnsnssssssssssssssssssssssessssssssssssssssssssssssssssssssssssses XXiv
LiSt Of TADIES accervueeiiiiniiiiniiinienisieinienissnneessnenesssnecsssescsssnesssssessssssssssssssssessssssssssssssssasssssasssss xlii
List of Acronyms/ADbDreviations..........cicceeiicncssnrecssssassccsssssssssssssssesssssssssssssssssssssssssssssnses xlv
Chapter 1: Introduction to Metal-Organic Frameworks & Single-Site Catalysts.........cccecceeeueeee. 1
1.1. Reticular Chemistry: The OTiZIn .......cooueiiriirinieiereeieeeteeeteeetee e s 2
1.2. Predictability in Organic Chemistry vs. Coordination Chemistry.........cccceeveeveeneeneenecnnen. 2
1.3. Early Coordination COMPIEXES ......ceceeruiiiiiiiieiieieesite sttt n 5
1.4. Concepts in Reticular ChEMISIIY ........cc.veriieiieiieiireie et sre e esreeseeseaeseaeesseesseenns 6
1.5. Metal-Organic Frameworks (IMOFS) .......cccuiiiiiiiiiiiieieee et 7
1.6. Organic Linkers in Metal-Organic Frameworks...........cccocvvevieriirciiiciieieiesece e 9
1.7. Secondary Building Units (SBUs) in Metal-Organic Frameworks .........c.cccccceveeninnennen. 10
1.8. The Genesis of Metal-Organic Frameworks............coccveeiverienienieiieeie e 13
1.9. Synthesis of Metal-Organic Frameworks .........cccoccvievcireriieiiiiecieeciee e 14
1.10.  Isoreticularity in Metal-Organic Frameworks ...........cccoccvevirriiniiniieniieieeeeeece e 16
1.11.  Functionality in Metal-Organic FramewWorks ...........ccccccveeeiiiriieiiiieenieeciee e 18
1.12.  Applications of Metal-Organic Frameworks .............ccoeciiiiiiiiniiiiinieeeeeeeseee e 20
1.13.  Metal-Organic Frameworks in Catalysis: Milestones and Opportunities...............ceevennenn 22
114, SinGle-Site CatalySts....c.eeruieiierieiieeie ettt ettt st st et eeteesbe e b e saeeeaeeeaees 27
1.15. Metal-Organic Frameworks as Platforms for Grafting Single-Site Catalysts ..................... 29
1.16.  Strategies for Integrating Single-Site Catalysts into MOFS .........cccccccvereiieiriienieeniieenenns 30
1.17.  Applications of Metal-Organic Frameworks Grafted Single-Site Catalysts ..........c..cccoc..... 34
1.18.  Contextual Background of TRESIS .......ccccviieriiiiiiieiiiiciiecre et 35
Chapter 2: Materials and Methods ........cieeeiiensecssenseensnecsnecsnensseesseesneeens 38
2.1. Starting Materials, Reagents & SOIVENTS .......ccccevveriiiciieiieiienieesee e ere e ereeseesenesereeeseesseeses 39
2.2, GlaSsWare CIEANING .........oecuieiiieiieriieniie ettt ettt et e st et e et et e bt e s bt e sbtesatesaeeenbeeebeesbeesseesnseenees 39
2.3. Handling of High-Pressure REaCHONS.........cecvuierieiiiiiieiieiieniee e see e ereereeseesenesereseneenseesns 40
2.4. Handling of Air-sensitive REACHONS .......cueeiiieiiiiiiieciiecieeeeeet ettt 41
2.5. Instrumental MEthOdS .......ccoeiuiiuieiieeee ettt ettt seeenean 41
2.5.1. Powder X-Ray Diffraction (PXRD). ....ccccociiiiiiiiiiieiiecite ettt e 41

2.5.2. Brunauer-Emmett-Teller (BET) ANalysis. ......cccceveveviriiiieiieiiesiesie e eee e ereeieeseee e 42

xvii



Preliminary Pages

2.5.3. Fourier Transform Infrared Spectroscopy (FT-IR).......cccoeviriiiniiiiiiiieieeeeeeeeee 42
2.5.4. Thermogravimetric ANalysisS (TGA). ..ccievierieiieiie ettt ettt et sve v e reesraeseeens 42
2.5.5. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). .......cccccc.... 43
2.5.6. Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS). ...43
2.5.7. X-Ray Photoelectron Spectroscopy (XPS). ....cooviiiiiiiiiieeiieeie et 43
2.5.8. Electron Paramagnetic Resonance (EPR)........ccccocovvviiiiiiiiciicicececeeeeeeee e 43
2.5.9. X-Ray Absorption SpectroSCOPY (XAS)....cooiiiiiieiiieeieeeieeeiie et etee e e sreeeseveeenee e 44
2.6. Analytical TEChNIQUES.......co.teriiriiiiirieritee ettt ettt st nae s 44
2.6.1. Nuclear Magnetic Resonance (NMR).........cccoeeviiiiiiiiiiieniiecie et 44
2.6.2. Gas Chromatograph (GC). .....coueiiiriiiiirinieeteieeite ettt st 44
2.6.3. High Performance Liquid Chromatograph (HPLC). ........cccceeciiiriiiiiieiieceeeeee e 45
2.7, TheoTetiCal STUAIES. ......eeiieiieiieiieree ettt et ettt e stte st e ete et et e e bt e steesteessbesaseenseeseesseessnesnsesnses 45
Chapter 3: Metal-Organic Framework-Encaged Monomeric Cobalt(Il1I)-Hydroperoxides
Enable Chemoselective Methane Oxidation to Methanol ..................ccuuccue..... 46
3L INETOAUCTION ...ttt ettt sttt b e ea et e ae et e st e st et e sb e et e s beene e beebeeneensene 47
3.2. RESULLS & DISCUSSION ...uueiiiiiiiieiietiet ettt ettt sttt et e b e bt e s bt e sat e et e enbeebeenbeesbee s 48
3.2.1 Synthesis and Characterization of Ce-UiO-66 MOF Supported Cobalt-Hydroxide [Ce-
L85 (0 01T (©) = 1 SRS 48
3.2.2. Catalytic Methane OXidation. ..........cceeviercierrirerieriiesiieseeseeeseesreesseesseesssessseesseesseesseesseens 50
3.3. Mechanism Exploration of Ce-UiO-Co(OH) Catalyzed Methane to Methanol Formation....... 53
3.4. Comparison of Catalytic Activity between Ce-UiO-Co(OH) and Zr-UiO-Co(OH) in Methane
(016 15 o) 1 FS OSSR 55
3.5. Computational Studies of Co-Catalyzed Methane OXidation ............ccvevververcreecrieseeneeereenenens 55
3.6. EXPErimental SECHIOM .....cceuiiiieiieitiet ettt sttt ettt e s bt e sate st eenteembeebeenbeeseee s 56
3.6.1. Synthesis and Characterization of Ce-UiO-66, Ce-UiO-CoCl and Ce-UiO-Co(OH). .....56
3.6.2. Ce-UiO-Co(OH) Catalyzed Oxidation of Methane. ...........ccccceeeeviiiriiinciieeieecee e, 59
3.6.3. Oxidation of Methanol Using Ce-UiO-Co(OH) and H2On. .....cccvvevieniieniiniieiieieeieeee 62
3.6.4. Blank Reaction of Ce-UiO-Co(OH) with H,O, under N, without Methane..................... 62
3.6.5. Test for “Heterogeneity” of Ce-UiO-Co(OH) in the Oxidation of Methane. ................... 63
T TG TR = e 1 USRS 63
3.6.7. Recycling of Ce-UiO-Co(OH) for Oxidation of Methane to Methanol................c.......... 64
3.6.8. Comparison of Catalytic Activity with Other Materials. ...........cccovverieriencrierieiereeneens 65
3.6.9. Radical Scavenging EXPEriment. ...........ccecueriiriieiiieniienie ettt ettt seee e 69
3.7. DFT CalCUlatiOnS ...c..ceeeieieiieieeiieieete ettt sttt sttt et e et eesee e st eeeseeemeesseeseenseeneeneeneene 73
3.7.1. General INfOrmation. ......c..eeiiiiieiiiiieee ettt ettt et et naee 73

3.7.2. Comparison of Total Reaction Barriers in Ce-UiO-Co and Zr-UiO-Co Catalyzed
Methane OXIAAtION. ......coeieeriiririiiniriee ettt ettt sttt e bt et sbe st e tesbeemnenre e 77



Preliminary Pages

3.7.3. Cartesian Coordinates of Optimized StrucCtures..........ccccevveeriieiieesienieeieeieeieeieesee e 78
3.8. X-ray Absorption SpectroSCOPIC ANALYSIS .....c.cccvierrierieerierireeieerieesreesteeseesreseresreeseesseesseessnens 84
3.9. XPS Analysis of Ce-UiO-Co(OH), Ce-UiO-Co after Catalysis and Zr-UiO-Co(OH) .............. 91
3.10. "H NMR Spectrum and HPLC Chromatogram ................coco.evevreeueueueeereseeseeseseseseseesesesenenns 92
311, CONCIUSION ..ttt ettt ettt ettt et e s bt e sat e st e e ate e bt e bt e bt e saeesmbeembeembeenbeanbeesbeens 93

Chapter 4: Synergetic Ni-Ce Active Sites in Mixed Cerium/Zirconium Metal-Organic
Framework Nodes for Selective Methane Oxidation into Ethanol..............cceeeneeicneecnneccsennnnnes 94
T T B U3 (e LTt o)  H OSSPSR 95
4.2. Results and DiSCUSSION .....cecuieiuieriieiiiiiieie ettt ettt sb e sae e st e et e et e bt e s bt e sbeesaeeeateeneeenee 97
4.2.1. Synthesis and Characterization of Cex/Zry-UiO-66 MOFs Supported Nickel-Hydroxides
OS2 S B 10 I\ 1@ 5 ] TSR 97

4.2.2. Cex/Zry-UiO-Ni(OH) Catalyzed Direct Oxidation of Methane to Ethanol. .................... 101
4.3, CoNtrol EXPEIIMENLS ....c.uviiiiiieiiieciiieciee et e siee ettt e eveeeteeestveeebaeessseessseeesseessseeenseeesssesensesennns 103
4.4, Identification of Reaction INtermediates..........cceevverierieriiniieiie ettt 105
4.5 Mechanistic and Computational Studies on the Ce,/Zr,-UiO-Ni(OH)-Catalyzed Methane
Oxidation to Ethanol .........cccooiiiiii ettt 106
4.6. EXPerimental SECHIOMN .......cciviieiieeciie et esieeciee et ste e et e et ee st eeseaeesssaesssseessseesssaeesnseesnseeennns 108

4.6.1. Synthesis and Characterization of Cex/Zry-UiO-66, Cex/Zry-UiO-NiBr and Ce,/Zr,-UiO-

INTIOH). ettt ettt ettt et et e ae e st e st e s e st e entessesseenseeseessenseestensesseensensesseensenseas 108

4.6.2. Cex/Zry-UiO-Ni(OH) Catalyzed Oxidation of Methane. ..........cccoeevenvieniniinincnennne 114

4.6.3. Blank Reaction of Ce/Zrs-UiO-Ni(OH) with H,O, Under N, without Methane............. 117

4.6.4. Reaction of Methane in Presence of CO Using Ce/Zrs-UiO-Ni(OH)..........cccecvveveenenne. 118

4.6.5. Test for “Heterogeneity” of Ce/Zrs-UiO-Ni(OH) in the Oxidation of Methane............. 118

O S 5 1o ] T USSP P RS 119

4.6.7. Recycling of Ce/Zrs-UiO-Ni(OH) for Oxidation of Methane to Ethanol. ...................... 120

4.6.8. Radical Scavenging Experiment with Ce/Zrs-UiO-Ni(OH) Catalyst. ..........cccceeueennenne. 121

4.6.9. Catalytic Methane Oxidation using Ni/CexZri—xOz Catalyst. ........ccevvevvereerreereenenn 122
4.7, DFT CalCUlations .....cccueeeuiieiieiieiteesiie ettt ettt ettt e s ate et e te e bt e sbeesaeessteenbeenbeebeenbeesaeens 124

4.7.1. General INfOrmMation. .......coverueriiiiiieieeee ettt sttt 124

4.7.2. Cartesian Coordinates of the DFT-Optimized Structures. .........ccccceeeeveeerveercreeesreesneens 127
4.8. X-ray Absorption SpectroSCOPIC ANALYSIS .....cccuveriierierierreeieeireerieesiesreestesaeeseeseesseenseenseens 131

4.8.1. XANES ANALYSIS. ...viiiviieiiieiiieeieesiee et esteeestteesteesaaeessaeessseeessseessseeessseesssesessseesssenans 131

4.8.2. EXAFS Fitting using DFT-Optimized Structures............coeveeieeiiereeneenienee e 132
4.9. XPS Analysis of Ce/Zrs-UiO-NiBr, Ce/Zrs-UiO-Ni(OH) and Ce/Zrs-UiO-Ni(OH) After
(O 11 £ TSSO PTUPRRUSUS 137
4.10. "H NMR Spectrum and HPLC Chromatogram ................cccveueuevevevevceeeereeeeenesseeesesesesnennnn. 140
41T, CONCIUSION ...ttt ettt ettt e st e et e et e e be e bt e beesseesnbeenseenseenseenseenaeens 140

Xix



Preliminary Pages

Chapter 5: Selective Methane Oxidation to Acetic Acid using Molecular Oxygen over a Mono-

Copper HYdroXyl Catalyst ......cccceeccercsserssssessssncssnsissssssssasssssssosssssssasssssassssnssssssssssassssssssssnssssssssssass 142
SO B 625 (0T 13 5 T ) BRSO 143
5.2. Results and DISCUSSION .......cocuieiuiiriiiiiiiieieeee sttt sttt ettt sttt e beesbeesaaesateebe e 144

5.2.1. Synthesis and Characterization of Ce-UiO-66 MOF Supported Cu-Hydroxide [Ce-UiO-
(3070 = 1 ) TSRS 144
5.2.2. Catalytic Direct Oxidation of Methane to Acetic Acid. .......ccccoceevienenieinininnenineee. 147
5.3. Control Experiments and Identification of the Reaction Intermediates..............ccccecvveerureennen. 149
5.4. Mechanism Exploration of Ce-UiO-Cu(OH) Catalyzed Methane Oxidation to Acetic Acid.. 152
5.5. Understanding the Reaction Pathway at the Molecular Level .........c..cccoevvevienieninncieciee, 153
5.6. EXPerimental SECHION .......ccviiiiiiiiiieciie et eciee ettt tee et e et e e tae e e beeetbeessbaeesaeessseeesseessseas 154
5.6.1. Synthesis and Characterization of Ce-UiO-66 and Ce-UiO-Cu(OH)..........cccoevvennnnee. 154
5.6.2. Ce-UiO-Cu(OH) Catalyzed Oxidation of Methane. ...........cccceviiniiiiiiiiinienieeeeeee, 157
5.6.3. Blank Reaction of Ce-UiO-Cu(OH) with O, Under N, without Methane. ..................... 162
5.6.4. Reaction of Methane in Presence of CO using Ce-UiO-Cu(OH). ........ccceeevvevvieennnnee. 162
5.6.5. Oxidation of Ethanol Using Ce-UiO-Cu(OH) and Oa. .....ccovevviiviieiiieiieiesieeieeeee, 163
5.6.6. Oxidation of Methanol Using Ce-UiO-Cu(OH) and CO..........ccceevveeriieecireniie e, 163
5.6.7. Test for “Heterogeneity” of Ce-UiO-Cu(OH) in the Oxidation of Methane to Acetic
N 1 O TSRS 164
5.0.8. HZ TESE. ettt ettt ettt e sttt et e e bt et e e bee et esneeenee 165
5.6.9. Recycling of Ce-UiO-Cu(OH) for Oxidation of Methane. ............cceevvevivereeneenrenenennnn. 166
5.6.10. Comparison of Catalytic Activity with Other Materials. ..........cccccoevieiiiiiiniinree. 167
5.6.11. Radical Scavenging EXPeriment. ..........cccvevverieriircrieiiesieseeseeesneeneeseesseesssessnesssennnes 168
5.7. DFT CalCUIAtIONS ...coutieiieeiietiesiieeite ettt ettt sttt e ettt e s bt e sbtessteemeeemte e bt e beesaeesnteenseenseenne 171
5.7.1. General INfOrmMAatION. ........cceiuiiieiiriieiee ettt ettt 171
5.7.2. Cartesian Coordinates of the DFT-Optimized Structures. ..........ccceeeeveerieeecveercveeeneeenne, 174
5.8. X-ray Absorption SpectroSCOPIC ANALYSIS. ...cceerieriiiiiieiieriierierie sttt seee s ere e 178
5.8. 1. XANES ANALYSIS. .vveeitrieiiieeiiiieriieeiieesteeesteesbeesteeessseessseeesaeessseessseesssessssssesssesssssesnns 178
5.8.2. EXAFS Fitting using DFT-Optimized Structures..........c.ccoceevereenenenienenieneeneeeeeee 179
5.9. XPS Analysis of Ce-UiO-CuCl, Ce-UiO-Cu(OH) and Ce-UiO-Cu After Catalysis................ 183
510, CONCIUSION ..ottt ettt ettt ettt e st et e e et e e bt e sbeesbeeesbeeneeembeebeenbeesaeesaseenseenseenne 184

Chapter 6: Tailored Pore-Confined Single-Site Iron(I1I) Catalyst for Selective CH4 Oxidation to

CH3O0H 0r CH3CO2H USINE O2.cceerericncsnricssssanicssssarisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 185
LT B 118 0T LT 5 (0o RSP RR 186
6.2. Results and DISCUSSION .......eecuieruieriiiiieieeieerite st et eete ettt e sieesitesstesnteenbe e bt e seeseeesaeesnseenseenne 188

6.2.1. Synthesis and Characterization of the Iron-Catalyst...........ccccevvveriiiiiiieneeneeniecreereene. 188
6.2.2. DUT-5-Fe(OH), Catalyzed Selective CH4 oxidation into CH3OH.............ccccccverennnnnee. 190

XX



Preliminary Pages

6.2.3. DUT-5-Fe(OH), Catalyzed Selective CH4 oxidation into CH3CO>H...........cccceennenee. 193
6.3. Active Sites for CHa ACHIVALION .....eouiiiiiitiiieie ettt eees 194
6.4. Mechanistic Analysis of DUT-5-Fe(OH), Catalyzed Production of CH30H............c..ccccc..c.... 196
6.5. Control Experiments for DUT-5-Fe(OH), Catalyzed Production of CH3CO,H....................... 197
6.6. Mechanistic Analysis of DUT-5-Fe(OH), Catalyzed Production of CH3COzH....................... 198
6.7. EXPErimental SECLION ......eccvieiieiierieitieteeieeseesteesaessteesteesteesseesstessseesseasseessaessaesssesssenssessseenns 200

6.7.1. Synthesis and Characterisation of DUT-5-FE(OH)a. ....ccocvvieiiiirciiiiiieeieeeieeeee e, 200

6.7.2. DUT-5-Fe(OH), Catalyzed Oxidation of Methane.............ccccceveevviiiiiiienienienieeeeeeee, 204

6.7.3. Blank Reaction of DUT-5-Fe(OH), with O, Under N, without Methane....................... 215

6.7.4. Reaction of Methane in Presence of CO Using DUT-5-Fe(OH)a.....ccceevvvevienvenrennnnee. 215

6.7.5. Reaction of Methane in Presence of CO, Using DUT-5-Fe(OH),. .....ccccvevevvevrirennnnnnee. 215

6.7.6. Reaction of Methanol in Presence of CO; and H, Using DUT-5-Fe(OH),. ................... 216

6.7.7. Oxidation of Methanol Using DUT-Fe(OH), and CO..........cccoecvvvevveiievienienieereereene 216

6.7.8. Oxidation of CH4 Using DUT-5-Fe(OH), and O, Under Extended Reaction Conditions.

................................................................................................................................................ 216

6.7.9. Test for “Heterogeneity” of DUT-5-Fe(OH), in the Oxidation of Methane to Methanol.

................................................................................................................................................ 217

6.7.10. Recycling of DUT-5-Fe(OH), for Oxidation of Methane. ...........ccccceevieiienieniennnee. 217

6.7.11. Radical Scavenging EXPeriment. ..........cccuevververrirerierrieseesieseesneeneesseesseesssessnesssensnes 219

6.7.12. Comparison of Catalytic Activity with Other Materials. ..........cccccoeviriiiiiieniinree. 221

6.7.13. Isolation and Identification of DUT-5-Fe"(?-02) (INT-3). ...cvoveveveeerereeereeceeean 222
6.8. DFT CalCUlatioNS ...ccueeeiieiieiiectieciieee ettt ettt sttt et et e st e esteeseeeateebe e bt e saeesateenneenseenne 227

6.8.1. General INfOTmMAatION. .........ceiuiiiiiiiiiie ettt 227

6.8.2. Cartesian Coordinates of the DFT-Optimized Structures. ..........ccceeeeveerveeecveercveeenreenee, 231
6.9. X-ray Absorption SpectroSCOPIC ANALYSIS .....ceevviriiiriiieiiieriierierie et seee e ereeee e 240

6.9.1. XANES ANALYSIS. .1eeeitiieiiieeiiieriieeiieesteeesteesteesteeesebeesseeesaeessseessseesssessssssesssessssseesns 241

6.9.2. EXAFS Fitting Using DFT-Optimized Structures............cccovveeveireeriieeneeneenieeie e 242
6.10. XPS Analysis of DUT-5-FeCl,, DUT-5-Fe(OH),, DUT-5-Fe After Catalysis and Fe@DUT-5

........................................................................................................................................................ 247
LT O B 03 1 1ed L 3 103 s SRS 248
Chapter 7: Architecting Molecularly Dispersed Cu(I)-Active Sites at UiO-MOF Nodes for
Thermocatalytic Oxidation of Methane to Ethanol Using O;......ccccvvveiccisnnerccsssnerccsssnenccsssnencssnns 249
8 A £ o7 13T 5 T ) DRSO 250
7.2. Results and DISCUSSION ....cc.ceiuieuieriiieieieieeiieie sttt ettt ettt et e st et eee st et e sseeneeeeenes 252
7.2.1. Synthesis and Characterization of UiO-66-CU ..........ccccererienirinnineniinineeieneeeeiee 252
7.2.2. Ui0O-66-Cu Catalyzed Direct CH4 Oxidation to CH3CH20H.........cocoovveiieiieiieieee. 254

xxi



Preliminary Pages

7.3. Confluence of Isoreticular Pores and Active Sites in U10-66-Cu for Selective CH4 Oxidation to

(0] ET0 5 C 0 ) = [ USSP 256
7.4. Cu(I) Modulation in UiO-66-Cu: Insights Into Stability, Recycling and Regeneration .......... 258
7.5. Control Experiments and Identification of Intermediates............ccceeveeeerciieniiieniiecie e, 261
7.6. MeChaniStic ANALYSIS ....c..eeuertirieiiriietere ettt ettt bt b e st b e et e bt e e naes 263
7.7. EXPerimental SECLION ......ccviiriieeeiieiiee ettt eeiee ettt e st e e teeetee e eaeesseeessseessseeessaeensseeenssessssens 266
7.7.1. Synthesis and Characterization of UiO-66-CU ...........c.ccccvvieiiiercrieenieeeiee e eeree e 266
7.7.2. Catalytic Methane Oxidation to Ethanol using On........c.ccccvevievierieivieereeniesieere e 270
7.7.3. Blank Reaction of UiO-66-Cu with O, Under N> without CHa. ..co.covveeiiiniiniiinnee. 272
7.7.4. Blank Reaction of UiO-66-Cu with CH4 Under N, without Oa. ..c..oovevveiiniiiiniinienne. 272
7.7.5. Oxidation of CH30H Using UiO-66-Cu and Ox.........c.eeeevveeciiieniieeiieeieeeee e 272
7.7.6. UiO-66-Cu"(OH) Catalyzed Oxidation of CHs USING O2. ...vcvevevverererecieicrieeeeeeene, 273
7.7.7. Test for Heterogeneity of UiO-66-Cu in the Oxidation of Methane to Ethanol. ............ 273
7.7.8. Recycling of UiO-66-Cu for Oxidation of Methane to Ethanol. ...........c..ccccoccenniie 273
7.7.9. Radical Scavenging EXPEriment. .........cccccverierieriiecrieiieneeseeseesneeseeseeseesseessnesssesnnas 277
7.7.10. Synthesis of Comparative Materials for Methane Oxidation. ...........cccceeeveeeveeeneennee. 278
7.8. DFT CalCUlatiOns. ..c..cecuiiiieieiieiieieeie ettt ettt ettt et se et e st eat et sbe et e beeneeeeses 280
7.8.1. General INfOrmation. .......c.coieeriiiiiiie ettt ettt 280
7.8.2. Cartesian Coordinates of the DFT-Optimized Structures. .........cccccveevveerreereereesvesnennnes 281
7.9, XAS ANALYSIS. .utiiiitiieiiieeiieeeite et eee et e st eeteeesveeebeeessbeeesbaeesaeessseeesbeeesbeeesaeeasseeesreearreas 286
7.9.1. XANES ANALYSIS. .euvieiieiieiieniieiieeie et eieestestestesteenseeseesseesseessaessseenseesseenseesssesssesnses 287
7.9.2. EXAFS Fitting with the DFT-Optimized Models. ..........cceeviierciiririieeiee e 288
B O N 1 F:1 S PR 294
7.11. GC ChrOMAtOZIAIMIS ......eccveevieirerererereareesseesseesseesseasseasseesseesseesssessssssseessessseesssessssssseessessseenns 298
R A O] 1 Tod 105 [ )  E U 299
Chapter 8: Isoreticular Metal-Organic Frameworks Confined Mononuclear Ru-Hydrides
Enable Highly Efficient Shape-Selective Hydrogenolysis of Polyolefins.........ccceeeereescnniccscnnnsenne 300
8.1 INITOAUCTION ...ttt ettt ettt sttt et e eat et e e bt et e bt e st eeesaeeneensesneeneennens 301
8.2. ReSults and DISCUSSION ......eeuiiiiieriiiiiieieeit ettt ettt ettt e st este ettt e b e saeeeneeenees 302
8.2.1. Synthesis and Characterization of Isoreticular UiO-MOF Node Supported Ru-Dihydrides
(UiO-66-RuH;, UiO-67-RuH; and UiO-68-RUH2). ....ccooiviiniiiiiiiniiiiciicciceeicceeeee 302
8.2.2. Hydrogenolysis of Polyethylene on UiO-66-RuH; Catalyst.........c.ccccevevverieerienieeneennnnns 305
8.3. Effect of Pore Sizes of Isoreticular UiO-RuH,; MOFs on Product Distribution and Selectivity
........................................................................................................................................................ 307
8.4. Control EXPEITMENLS ......ecvieiiiiieriieiieeie ettt et estte sttt ettt et e bt e sttesatesnteenbeebeesseesneesnsesnnas 309
8.5. Mechanism Exploration of Hydrogenolysis of Polyethylene ...........c.cccoevveviiivienieniecieeneene. 310
8.6. EXPErimental SECHION ........cieiiiiiiiieiiieciee et eseeeiteerte e et e ettt esbeeetaeesebeeesbaeessseessseeessseesnseaans 313



Preliminary Pages

8.6.1. Synthesis and Characterization of UiO-66, UiO-66-RuCl, and UiO-66-RuHa. ............. 313
8.6.2. Hydrogenolysis of Polyethylene and Single-use LDPE Plastic Bags or Droppers......... 319
B.0.3. HEZ TS, 1ottt ettt et ettt et e sttt et e b et e e b et e e st e beetaenbeeseenneseeneensenns 323

8.6.4. Test for “Heterogeneity” of UiO-66-RuH, in the Shape Selective Hydrogenolysis of
POLYERYIENE. ...ttt ettt st st ettt e nteennes 324

8.6.5. Recycling of UiO-67-RuH; for Hydrogenolysis of Single-use LDPE Plastic Bag or

(0] o) 1< SR OO PSP RPTUTPRPPR 325
8.6.6. Comparative Materials for Hydrogenolysis of LDPE. ........c.ccococviviiiiiiiiiiiecee e, 326
8.7. DFT CalCUIAtIONS. ...c.veeiiieiiieiieiieriteeite et ettt ettt et sat e et et et e sbeesatessbesnseenseenseesseesnsesnseennas 330
8.7.1. General INfOrmation. .........cccceiiriiriiiieieeee ettt 330
8.7.2. Cartesian Coordinates of the DFT-Optimized Structures. ..........ccecveeevvieevveeecieeenreeeenen. 331
I O T 1 F:1 3 USSP 336
8.8.1. XANES ANALYSIS. ...euieieiieieieeiteieeit ettt eie sttt ettt e tesseestesseenteseeseensesseensenseensensenes 336
8.8.2. EXAFS Fitting using DFT-Optimized Structures..........c.ccoeevvererienieneeneneeeenieseeneenees 337
8.9, XPS ANALYSIS ..uveeeriieiiieeiieesiieeeite et e et eette et eestee e tbeessteestbeessbeeensaeeassaeataeeasseeanraeennraeenreeans 341
8.10. GC CRIOMALOZIAIIIS .....eouvieuvieiieriieriiesieeteesteesteesteessressseenseenseesseesseesseesssesnsessessseesseesssesnsesnses 343
811, CONCIUSION ..ottt ettt ettt et e bt e s bt e sbtesate et e e bt e bt e sbeesmeesaees 349
Chapter 9: Conclusion & Future QULIOO0K .......coovueierisrueicnissnnicssssnicssssaeicssssansessssssssssssssssssssssssssnns 351
9.1 Summary of KeY FINAINES .......ccovviriiiiiiiieiieiesiesteete e eie et stessre b e esseesaessaessaessaessseesseenns 352
0.2, FULUTE OULLOOK ...ttt sttt ettt et at e s it ettt e bt et esaeeenteenteenbeenne 354
9.3. Reflections on the Research JOUINEY .........ccccveiiiiiiiiieiiieeerieiece et 357
RS (0 ) 1 [T 358
W11 1100 I o0 1) 1 N 391
LSt OF PUDLICALIONS ...ttt sttt ettt et et st b e b 392
LSt Of PALEINIES ..c.eeetiieieieeeeeee ettt sttt sttt st ettt st b et nae e 395
List of Research Presentations ........co.ieiiieiiiiieiieiiesie ettt ettt st 395

xxiii



Preliminary Pages

List of Figures
Figure 1.1. SN2 and E2 reactions being governed by a definitive set of rules. ........ccoeevvvveeiienieniiniieeeieceeeeee 3
Figure 1.2. Coordination behaviour of NiCly(PPhs); in different solvents. ...........cccoeoerienieniinieiieceeeeeeee 4
Figure 1.3. Spin crossover behaviour of Fe(phen)a(INCS)a......ooieriieriieiieieeiesieeete et 4

Figure 1.4. Werner’s complexes. Blue: Cobalt, Green: Nitrogen, Pink: Chlorine (b) Prussian blue. Red: Fe(Il),
Green: Fe(IIl), Purple: Nitrogen, Gray: Carbon, Dark Red: Oxygen (c) Hofmann clathrate. Green: Nickel, Gray:

Carbon, PUIPLE: NIITOZEI.......eiveiuietieieeteeteeteette e teetesetesteesteeseeseesseeseesseasseesseassesssesssesseesseenseensesssenssenseensennsens 5
Figure 1.5. HSAB concept for the formation 0f MOFS. ........c.ccceevuieiiiiiiiiiciesieeeieeee ettt 8
Figure 1.6. Different types of organic linkers employed in MOFS. ........cccoiiiiiiiiiiiiiieieec e 9
Figure 1.7. Examples of MOFs With 0-3D SBUS. .......ccccotitiiiiiniiienineneeeeteeenest sttt 11
Figure 1.8. Isoreticular zirconium based UIO-MOFS. ..........cccoecueiiieriiniieiieiecteeeeseesie et sae e sae e sseense e e 17
Figure 1.9. Functionalities exhibited by organic lNKeTrs. ............coooiiiiiiiiiiiieeeeeeee e 19
Figure 1.10. Functionalities introduced by SBUS. .......ccccoiriiiiiiiniiieninreeeeteeenestese ettt 20
Figure 1.11. Schematic representation of three key catalytic strategies in metal-organic frameworks................. 23
Figure 1.12. Structural representation of catalytic SBUs of several MOFS. .........cccccevieviieiiincienieiieseeeeve s 24
Figure 1.13. Structural representation of linker-functionalized catalytic MOFS. ........ccccoeeiiiiiniiniiniiiiiceee 25

Figure 1.14. (a) Ship-in-bottle, (b) Bottle-around-ship, and (c) One-step synthesis approaches for facile synthesis

OF NP@IMOKF ...ttt ettt a ettt es ettt s et et e sttt e st et et est et et e st et et eseebesbeneebeseeneerens 26
Figure 1.15. SSCs as the bridge between homogeneous and heterogenous catalysts. .........ccceceveeervereeneenieenenns 28
Figure 1.16. MOF-SSCs derived from intrinsic linker stabilization. ...............cccoevvevierieeiieeniieieiieceese e 30
Figure 1.17. MOF-SSCs derived from post-synthetic modifications. ...........ccocerierieiieiieiieieee e 31
Figure 1.18. MOF-SSCs derived from metal node anchoring. ..........coccoeveeeeienienininincnenececesecnene e 32
Figure 1.19. MOF-SSCs derived via nanopore CONfINEMENL. ...........ccuevvieruieriieienieniesieeieeieeeeseesaesseesseessessnenns 32
Figure 1.20. MOF-derived SSCs Via PYTOLYSIS. ..cevuiiitieiieiieieeiieeiiest ettt ettt ettt st saeesee e e e eee 33

Figure 3.1. (a) Kinetic and thermodynamic challenges in direct oxidation of CH4 to methanol. (b) Development

of MOF-supported highly electrophilic single-site metal-hydroperoxide for selective partial oxidation of CHy. 47

Figure 3.2. (a) Synthesis of Ce-UiO-Co(OH) via post-synthetic modifications of Ce-UiO-66 MOF. (b) PXRD
patterns of simulated Zr-UiO-66 MOF (black), pristine Ce-UiO-66 (blue), Ce-UiO-CoCl (magenta), Ce-UiO-
Co(OH) (green), Ce-UiO-Co after methane oxidation (run-1) (red) and Ce-UiO-Co after methane oxidation (run-
6) (brown). (c¢) Co K-edge XANES spectra of CoCl,, Ce-UiO-CoCl and Ce-UiO-Co(OH). (d) EXAFS spectrum
(blue solid and hollow triangles) and fits (grey solid and dash lines) of Ce-UiO-CoCl in R-space at the Co K-edge.
The fitting range in R-space is 1-4 A. (€) N, sorption isotherms (77 K) of Ce-UiO-66 (black), Ce-UiO-Co(OH)
(red) and Ce-UiO-Co after catalysis (blue). (f) Co 2p XPS spectra of Co(OH), and Ce-UiO-Co(OH). (g) Ce 3d
XPS spectrum of Ce-UiO-Co(OH). (h) EXAFS spectrum (red solid and hollow triangles) and fits (grey dash and
solid lines) of Ce-UiO-Co(OH) in R-space at the Co K-edge. The fitting range in R-space is 1-3.9 A. ............. 49

XXiv




Preliminary Pages

Figure 3.3. (a) Yield and % selectivity of CH;OH at several runs in the recycle and reuse experiment of Ce-UiO-
Co(OH) for oxidation of methane. (b) Co 2p XPS spectrum of Ce-UiO-Co after oxidation of CHs. (c) '"H NMR
spectrum (500 MHz, D>O) of the resultant solution after Ce-UiO-Co(OH) catalyzed CH4 oxidation at 80 °C. ..52

Figure 3.4. Proposed catalytic cycle of Ce-UiO-Co catalyzed CH4 to methanol conversion............ccccoceeeeeeneee. 53

Figure 3.5. (a) XANES of Ce-UiO-Co(O,H) and Zr-UiO-Co(O>H). (b) EXAFS spectrum (red solid and hollow
triangles) and fits (grey solid and dash lines) of Ce-UiO-Co(O,H) in R-space at the Co K-edge. The fitting range
in R-space is 1.1-3.8 A. (c) EXAFS spectrum (green solid and hollow circles) and fits (grey solid and dash lines)
of Zr-UiO-Co(O,H) in R-space at the Co K-edge. The fitting range in R-space is 1.1—4 A. (d) Plots of %yield of
methanol vs time in CH4 to CH30H conversion using Ce-UiO-Co and Zr-UiO-Co as catalysts under identical
reaction conditions (3.2 umol Co, 80 °C, 3 MPa CHy). (e) Co 2p XPS spectra of Zr-UiO-Co(OH) and Ce-UiO-
Co(OH). (f) Zr 3d XPS spectra of Zr-UiO-Co(OH). ....cc.eeiiriiiieiiecieie ettt 54

Figure 3.6. (a) The DFT calculated free energy diagram at 353 K for Ce-UiO-Co -catalyzed CH4 to methanol
conversion using H,O,. (b) Overall activation energies of CH4 oxidation to methanol using Ce-UiO-Co (blue

curve) and Zr-UiO-Co (magenta curve) CatalyStS. .....ceerieiierierieiieiierie et etee ettt eaesieeseeesaeeseeeeeeneens 56

Figure 3.7. (a) SEM image of Ce-UiO-CoCl. (b) SEM-EDX analysis of Ce-UiO-CoCl. .........ccccocenerinerennnne 57

Figure 3.8. (a) TGA curve of freshly prepared Ce-UiO-66 and Ce-UiO-Co(OH). A solvent weight loss of 37% in
Ce-Ui0-66 (black) and 68% in Ce-UiO-Co(OH) (red) was observed from 40 °C to 200 °C. (b) TGA curve of
freshly prepared Ce-UiO-66 (black) and Ce-UiO-Co(OH) (red) from 200-800 °C. The increased weight of Ce-
UiO-Co(OH) is due to the presence of cobalt within the MOF. ...........cccciiiiiiiiniiieiceee e 58

Figure 3.9. (a) IR spectrum of freshly prepared Ce-UiO-66 (black), Ce-UiO-Li (blue), Ce-UiO-CoCl (red) and
Ce-UiO-Co(OH) (olive). In the IR spectra, p;-OH stretching frequency peak of Ce-UiO-66 at 3742 cm!
disappeared upon lithiation and metalation, however, a small peak of pu3-OH reappeared for Ce-UiO-Co(OH), due
to the protonation of unreacted p3-OLi with water. The peak intensity of p3-OH stretching frequency of Ce-UiO-
Co(OH) at 3742 cm™!' was smaller compared to that of pristine Ce-UiO-66 MOF due to the partial metalation of
the p3-OH of the SBUs. (b) IR spectrum of freshly prepared Ce-UiO-Co(OH) (black) and Ce-UiO-Co(OOH)

(INT=3) (T vttt sttt b e bt bt bbbt b e b et e bt s bt e bt s b e e e bt s b et e b et e e ebene 58
Figure 3.10. (a) SEM image of Ce-UiO-Co(OH) particles, (b) SEM-EDX mapping of Ce of the respective
particles, (¢) SEM-EDX mapping of Co of the respective partiCles. ...........ceceevvevienenieninineeieieneneneeeseeeenens 58
Figure 3.11. HK pore size distribution of Ce-UiO-66 (red) and Ce-UiO-Co(OH) (black). .......ccccevvververrrerurennnnne 59

Figure 3.12. PXRD patterns of simulated Zr-UiO-66 MOF (black), pristine Ce-UiO-66 (blue), Ce-UiO-CoCl
(magenta), Ce-UiO-Co(OH) (green), Ce-UiO-Co after methane oxidation (run-1) (red) and Ce-UiO-Co after

methane 0xidation (TUN=6) (DIOWI)........ccveriiiiiirieriertieseesteetestestesteesseeaeesaesssesseesseesseessesssesssesssesssesseessesnsesssenns 59

Figure 3.13. PXRD patterns of simulated Zr-UiO-67 MOF (black),?®® freshly prepared pristine Ce-UiO-67 (red),

Ce-Ui0-67-CoCl (blue), Ce-UiO-67-Co(OH) (magenta) and Ce-UiO-67-Co after catalysis (green).................. 67
Figure 3.14. PXRD patterns of simulated Zr-UiO-66 MOF (black),® freshly prepared Zr-UiO-66 (blue), Zr-UiO-
Co(OH) (green) and Zr-UiO-Co after catalysis (T€d). .....cooueeierierierieieie ittt 68
Figure 3.15. DFT-optimized structure of Ce-UiO-CoCl. ........ccoouiiiiiiiiieiiee et 73
Figure 3.16. DFT-optimized structure of Ce-UiO-Co(OH). ......c.cccuerierieiieiieieeieeeesieee et eee e 73

XXV




Preliminary Pages

Figure 3.17. DFT-optimized structures of intermediates and turn-over limiting step of the catalytic cycle in the

proposed Ce-UiO-Co catalyzed CHs to methanol transformation. ...........c.cceceeeeevienininininieeieniencenceesceeene 74

Figure 3.18. DFT-optimized structures of intermediates and turn-over limiting step of the catalytic cycle in the

proposed Zr-UiO-Co catalyzed CHy4 to CH30H transformation. ............ccccceevvieevieieiieieeseeneeie e eeeeeesveesve e 75

Figure 3.19. (a) Proposed catalytic cycle of CH4 to methanol conversion catalyzed by Ce-UiO-Co(OH). (b) DFT
calculated free energy diagram at 353 K for the Ce-UiO-Co-catalyzed CH4 to methanol conversion using H,O».

Figure 3.20. (a) Proposed catalytic cycle of CH4 to methanol conversion catalyzed by Zr-UiO-Co(OH). (b) DFT
calculated free energy diagram at 353 K for the Zr-UiO-Co-catalyzed CH4 to methanol conversion using H,O».

Figure 3.21. w(E) XAS spectra of Co(0) foil (black), CoCl, (red), Ce-UiO-CoCl (blue), Ce-UiO-Co(OH)
(magenta) and INT=3 (ZIEEIM). ...cc.eeruiiiieieeiie ettt ettt ettt et e s b e s bt e bt e et et eeaeeebeesae et e enbeenteemeeseeenees 85

Figure 3.22. k*-weighted Co K-edge EXAFS data of Ce-UiO-CoCl. (b) EXAFS spectrum and fit of Ce-UiO-
CoCl. (c) DFT-optimized structure of Ce-UiO-COClL. .......cccuviiriiriiriininininieieteeneetene ettt 86

Figure 3.23. k*>-weighted Co K-edge EXAFS data of Ce-UiO-Co(OH). (b) EXAFS spectrum and fit of Ce-UiO-
Co(OH). (c) DFT-optimized structure of Ce-UiO-Co(OH). ........cciiiiirieiieiieieeieee ettt 87

Figure 3.24. k*>-weighted Co K-edge EXAFS data of Ce-UiO-Co(O,H) (INT-3). (b) EXAFS spectrum and fit of
Ce-UiO-Co(O2H) (INT-3). (c) DFT-optimized structure of Ce-UiO-Co(O2H) (INT-3). ...oocvvvverieiieieieieeee 87

Figure 3.25. (a) EXAFS spectrum (black hollow triangles and square) of the recovered Ce-UiO-Co after methane
oxidation and fits (red dash and solid lines) of DFT-optimized structure of Ce-UiO-Co(OH) in R-space at the Co
K-edge. The fitting range in R-space is 1-3.9 A. (b) DFT-optimized structure of Ce-UiO-Co(OH). .................. 88

Figure 3.26. (a) EXAFS spectrum and fits of Zr-UiO-Co(OH). (b) DFT-optimized structure of Zr-UiO-Co(OH).

.............................................................................................................................................................................. 88
Figure 3.27. (a) XPS data of Ce-UiO-Co(OH), (b) XPS data of Ce-UiO-Co after catalysis. ..........ccceceerrerreenne 91
Figure 3.28. Ce 3d XPS spectrum of Ce-UiO-Co recovered after oxidation of methane. ..............ccccoccceiniinn. 91
Figure 3.29. XPS data of Zr-UiO-CO(OH). ......cccueeiiriieiieiieeie ettt ettt sieesta e essesssessaessaesseesseensesssenns 91

Figure 3.30. 'H NMR spectrum (500 MHz, D,0) of the resultant solution after Ce-UiO-Co catalyzed oxidation of
methane using H>O,. Condition: Ce-UiO-Co(OH) (3.2 umol Co), 3 MPa CH4 (40 mmol initial CHy), 2 mL 30
wt% HyO2 in 8 ML D70, 20 h and @t 80 OC........ooiioeeiiiiieeeeeeeee et eaae e et eeaaeeeeenneeas 92

Figure 3.31. HPLC chromatogram of the resultant solution after Ce-UiO-Co catalyzed oxidation of methane using
H,0,. Condition: Ce-UiO-Co(OH) (3.2 umol Co), 3 MPa CH4 (40 mmol initial CHs), 2 mL 30 wt% H,O> in 8§ mL
H,0, 20 h and at 80 °C. Peaks at 20.35 min and 33.54 min correspond to methanol and 2-butanone (internal

StANAATA), TESPECTIVELY. Leeuviiiiiieiiitiesiieti et ete ettt et et e e et e s et e te e teesseesbesssesseeseesseesseanseessesssasaenseensanssesssesssenses 92

Figure 4.1. (a) Ce/Zry-UiO MOFs node-supported mono-nickel(Il) hydroxyl catalyst for direct conversion of
methane to ethanol. (b) PXRD patterns of simulated Zr-UiO-66 MOF (black), pristine Ce/Zrs-UiO-66 (red),
Ce/Zrs-UiO-NiBr (blue), Ce/Zrs-UiO-Ni(OH) (green), recovered Ce/Zrs-UiO-Ni after 20 h of catalysis at 80 °C
(run 1) (purple), and recovered Ce/Zrs-UiO-Ni after run 3 in the recycling experiment (brown). (¢c) PXRD patterns
of Ce/Zrs-UiO-66 MOF (black), Ce/Zrs-UiO-66 (green), Ce/Zr,-UiO-66 (purple), Ce/Zrs-UiO-Ni(OH) (red),

XXvi




Preliminary Pages
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Figure 5.2. (a) PXRD patterns of simulated Zr-UiO-66 MOF (black),3® pristine Ce-Ui0-66 (red), Ce-UiO-CuCl
(blue), Ce-UiO-Cu(OH) (magenta), recovered Ce-UiO-Cu after 40 h of catalysis at 115 °C (run-1) (green) and
recovered Ce-UiO-Cu after run-3 in the recycling experiment (violet). (b) Cu 2p XPS spectra of Ce-UiO-CuCl
and Ce-UiO-Cu(OH). (c) EXAFS spectra and fits in R-space at the Cu K-edge of Ce-UiO-CuCl with the
magnitude and real component of the Fourier transformation shown as hollow and solid triangles in blue color,
respectively. The fitting range in R-space is 1.1-4.0 A (within the grey line). (d) Cu K-edge XANES spectra of
CuCl,, Ce-UiO-CuCl, Ce-UiO-Cu(OH) and Ce-UiO-Cu after catalysis. (e) N sorption isotherms of Ce-UiO-66
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Figure 5.4. (a) The effect of temperature on product yields and acetic acid selectivity in Ce-UiO-Cu catalyzed
oxidation of methane. Reaction conditions: 3.7 mg of Ce-UiO-Cu(OH) (3.1 pmol Cu), 8 mL H,O, 30 bar CH4 and
6 bar O». (b) Plot of the product yields and acetic acid selectivity over a period of 72 h with 3.7 mg of Ce-UiO-
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Figure 5.8. IR spectra of freshly prepared Ce-UiO-66°!! (red), Ce-UiO-CuCl (blue), and Ce-UiO-Cu(OH) (green).
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Ce-UiO-Cu(OH) (blue), Ce-UiO-Cu recovered after methane oxidation at 115 °C (magenta), and 135 °C (green).
PXRD showed that MOF partly degraded at 135 °C. (b) PXRD patterns of Ce-UiO-Cu(OH) (black), recovered
Ce-UiO-Cu after 24h of catalysis (red) and after 40 h of catalysis (blue); reaction conditions: 30 bar CHa, 6 bar
O,, 115 °C and 8 mL water. The PXRD patterns indicate that the crystallinity and the framework of Ce-UiO-Cu
MOF remained intact after 24 h and 40 h catalysis, however, the MOF framework degraded after 72 h of catalysis.

Figure 5.10. (a) SEM image of Ce-UiO-Cu(OH) particles. (b) TEM image of Ce-UiO-Cu(OH). (¢) SEM image of
Ce-UiO-Cu particles after 24 h of catalysis. (d) SEM image of Ce-UiO-Cu after 40 h of catalysis. Reaction
conditions: 30 bar CHy, 6 bar Oz, 115 °C and 8 ML WALET........ccccuviiiiiiiieiiieeeee et e 156

Figure 5.11. (a) Brunauer—-Emmett—Teller (BET) nitrogen sorption isotherms of Ce-Ui0-66,%!! Ce-UiO-Cu(OH)
and Ce-UiO-Cu(OH) after catalysis measured at 77 K. (b) HK pore size distribution of Ce-UiO-66°!! (red) and

Ce-UiO-CU(OH) (DIACK). ..veuvevreveieeieieieiieteiettetestet et et etestesessessesessessesessessesessessesessansesessesseseesasseseesensesessensesenns 157
Figure 5.12. DFT-optimized structures of Ce-UiO-CuCl (left) and Ce-UiO-Cu(OH) (right).........ceevververurenien. 172
Figure 5.13. DFT-optimized structure of Ce-UiO-CuH...........cccoeviiiiiiinienieieiece ettt 172

Figure 5.14. DFT-optimized structures of intermediates and transition states of the catalytic cycle in Ce-UiO-Cu
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Figure 5.15. W(E) XAS spectra of metallic Cu(0) (black), CuCl; (green), Ce-UiO-CuCl (red), Ce-UiO-Cu(OH)
(blue) and Ce-UiO-Cu after catalysis (IMAZENLA). .......eeeerriereeeieeieeienienieeieeteete e sseesseeseesesssesseesseenseenseensens 179

Figure 5.16. (a) kK>-weighted Cu K-edge EXAFS data of Ce-UiO-CuCl. (b) EXAFS spectrum and fit of Ce-UiO-
CuClL. (c) DFT-optimized structure 0f Ce-UiO-CUCL .......cccceerieriiiiieiieieeiieeeie et seeesva s 179

Figure 5.17. (a) k*-weighted Cu K-edge EXAFS data of Ce-UiO-Cu(OH). (b) EXAFS spectrum and fit of Ce-
UiO-Cu(OH). (c) DFT-optimized structure of Ce-UiO-Cu(OH). .....cc.ceouiriiiiiniiieieteeieeeeeeee e 180

Figure 5.18. (a) k*-weighted Cu K-edge EXAFS data of Ce-UiO-Cu after catalysis. (b) EXAFS spectrum and fit
of Ce-UiO-Cu after catalysis (c) DFT-optimized structure of Ce-UiO-Cu after catalysis. .......cccccocevveereeneennen. 181

Figure 5.19. (a) EXAFS spectrum of Ce-UiO-Cu(OH) fitted with 5% CuO and 95% Ce-UiO-Cu(OH); 50% CuO
and 50% Ce-UiO-Cu(OH). (b) EXAFS spectrum of Ce-UiO-Cu(OH) fitted with 5% Cu(OH), and 95% Ce-UiO-
Cu(OH); 50% Cu(OH), and 50% Ce-UiO-Cu(OH). (c) EXAFS spectrum of Ce-UiO-Cu(OH) fitted with 5%
metallic Cu and 95% Ce-UiO-Cu(OH); 50% Cu; 50% Ce-UiO-Cu(OH). The significant misfits indicates that Ce-

UiO-Cu(OH) does not contain any Cu dimers/oligomers or Cu-nanoparticles. .........c.ceceeeereeneneneneneneeeene. 182

Figure 5.20. (a) EXAFS spectrum of Ce-UiO-Cu after catalysis fitted with 5% CuO and 95% Ce-UiO-Cu(OH);
50% CuO and 50% Ce-UiO-Cu(OH). (b) EXAFS spectrum of Ce-UiO-Cu after catalysis fitted with 5% Cu(OH),
and 95% Ce-UiO-Cu(OH); 50% Cu(OH); and 50% Ce-UiO-Cu(OH). (¢) EXAFS spectrum of Ce-UiO-Cu after
catalysis fitted with 5% metallic Cu and 95% Ce-UiO-Cu(OH); 50% Cu; 50% Ce-UiO-Cu(OH). The significant

misfits indicates that Ce-UiO-Cu after catalysis does not contain any Cu dimers/oligomers or Cu-nanoparticles.

Figure 5.21. (a) Raw XPS data of Ce-UiO-CuCl. (b) XPS fitting of copper in Ce-UiO-CuCl. (c) XPS fitting of
CETTUM 1N C-UTOCUCL ..ttt b e eh bt e s et e besbe bt e bt eseen e et enbesbeebeebeeseeneenean 183

Figure 5.22. (a) Raw XPS data of Ce-UiO-Cu(OH). (b) XPS fitting of copper in Ce-UiO-Cu(OH). (c) XPS fitting
of cerium N Ce-UTO-CU(OH).......ccoiiiiiiiiiiciteeeteee ettt ettt ettt te et e e b e e sbesaaesbeesaeesseesseensesssesssesseessens 183

Figure 5.23. (a) Raw XPS data of Ce-UiO-Cu after catalysis. (b) XPS fitting of copper in Ce-UiO-Cu after
catalysis. (c) XPS fitting of cerium in Ce-UiO-Cu after catalysis. ........ccoceevieiieiinienieiiereeeee e 183

Figure 6.1. Porous AI-MOF confined electron-deficient mono-iron(IIl) dihydroxyl species for chemoselective

oxidation of methane into methanol or acetic acid USING O2. ..ccveeuieiiriiriirieieeee et 187

Figure 6.2. (a) PXRD patterns of simulated DUT-5 (black), pristine DUT-5 (red), DUT-5-FeCl, (blue), DUT-5-
Fe(OH); (green), recovered DUT-5-Fe(OH), after 40 h of 6™ catalytic run at 125 °C (magenta), and recovered
DUT-5-Fe(OH); after 40 h of 6! catalytic run at 150 °C (brown). Reaction conditions: DUT-5-Fe(OH), (12 mg,
11.6 pmol of Fe), 30 bar CHy, 8 bar O,. (b) Iron 2p XPS spectra of (i) Fe@DUT-5, (ii) Fe(OH)s, (iii)) DUT-5-
FeCly, and (iv) DUT-5-Fe(OH).. (¢) u(E) XAS spectra of metallic Fe foil (magenta), Fe>O3 (green), Fe(OH);
(black), DUT-5-Fe(OH), (blue), and DUT-5-Fe after catalysis at 125 °C (red). (d) EXAFS spectra (black and blue
squares) and fits (red and black lines) of DUT-5-Fe(OH), in the R space from 1.0 - 4.0 A. (e) k*-weighted Fe-
EXAFS y(R) spectra of DUT-5-Fe(OH), (red), DUT-5-Fe after catalysis (blue), Fe;O3 (green), and Fe foil
(magenta). Reaction conditions: DUT-5-Fe(OH), (6 mg, 5.8 pmol of Fe), 30 bar CHa, 8 bar O,, 125 °C and 40 h.
(f) Wavelet transform for the k>-weighted EXAFS signal at the Fe K-edge. .......cocevvviriiiierereieiiicerieienennn, 189

Figure 6.3. (a) Effect of Pcus to Po, ratio on oxygenated product yields and methanol selectivity. Reaction

conditions: DUT-5-Fe(OH), (6 mg, 5.8 umol of Fe), 125 °C, 38 bar total pressure and 40 h. (b) Effect of total
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pressure on oxygenated product yields and methanol selectivity. Reaction conditions: DUT-5-Fe(OH), (6 mg, 5.8
pmol of Fe), 125 °C, Pcus / Pos ratio of 3.75, and 40 h. (c) Effect of time on oxygenated product yields and
methanol selectivity. Reaction conditions: DUT-5-Fe(OH), (6 mg, 5.8 umol of Fe), 30 bar CHy, 8 bar O», and 125
°C. (d) 'H NMR (500 MHz, D,0) spectrum of the crude reaction mixture after DUT-5-Fe(OH), catalyzed CHy4
oxidation using O, and mass spectra of CH3OH thus obtained. Reaction conditions: DUT-5-Fe(OH), (6 mg, 5.8
umol of Fe), 30 bar CHa, 8 bar Oy, 40 h, and 125 °C. (¢) '"H NMR (500 MHz, D,0) spectrum of the crude reaction
mixture after DUT-5-Fe(OH), catalyzed '*CH4 oxidation using O, and mass spectra of '3*CH;0H thus obtained.
Reaction conditions: DUT-5-Fe(OH); (6 mg, 5.8 pmol of Fe), 30 bar 3CH,, 8 bar O, 40 h, and 125 °C. (f) Effect
of temperature on oxygenated product yields and methanol selectivity. Reaction conditions: DUT-5-Fe(OH), (6
mg, 5.8 pmol of Fe), 30 bar CHy, 8 bar O», and 40 h. (g) Comparison of catalytic activity of DUT-5-Fe(OH) for
CHy,4 oxidation into CH3OH using O» with previously reported base-metal catalysts. Asterisk marked reports have

not mentioned selectivity. Error bars represent standard deviation in three consecutive experiments. .............. 192

Figure 6.4. (a) Recyclability test for DUT-5-Fe(OH), catalyzed oxidation of CH4 into CH;0OH and CH3CO,H at
125 °C and 150 °C, respectively. Reaction conditions: DUT-5-Fe(OH), (12 mg, 11.6 umol of Fe), 30 bar CHa, 8
bar O, and 40 h. (b) Effect of time on oxygenated product yields and acetic acid selectivity. Reaction conditions:
DUT-5-Fe(OH), (6 mg, 5.8 umol of Fe), 30 bar CH4, 8 bar O», and 150 °C. Error bars represent standard deviation
in three consecutive experiments. (¢) Extended reaction conditions for optimum acetic acid yield. Reaction
conditions: DUT-5-Fe(OH); (6 mg, 5.8 umol of Fe), 30 bar CH4, and 8 bar O, (i) 40 h at 125 °C. (ii) 40 h at 125
°C & 40 h at 125 °C. (iii) 40 h at 125 °C & 40 h at 150 °C. (iv) 40 h at 125 °C & 40 h at 175 °C. (v) 40 h at 125
°C & 40 h at 200 °C. (d) Comparison of catalytic activity for the oxidation of CH4 over DUT-5-Fe(OH), with
other catalysts under identical reaction conditions. Reaction conditions: DUT-5-Fe(OH) (6 mg, 5.8 pmol of Fe)
or equivalent Fe loading, 30 bar CHa, 8 bar Oz and 40 h.......ccccciviiiiiiiniiiiineeceeceee e 194

Figure 6.5. (a) Effect of radical scavengers on the productivity of CH;0H and CH3CO,H for DUT-5-Fe(OH),
catalyzed oxidation of CHa. (b) X-band EPR spectrum of the DMPO loaded reaction mixture after 40 h of CH4
oxidation using O». (¢) EXAFS spectra (black and blue squares) and fits (red and black lines) of DUT-5-Fe!(n)2-
0,) in the R space from 1.0 - 4.0 A. (d) Control reactions for the production of CH;CO,H at 150 °C. (e) Effect of
temperature on CH3CO:H yield for CH3OH hydrocarboxylation (red) and CH4 carboxylation using CO, (gray).
(f) 3C NMR (500 MHz) spectrum of the reaction mixture obtained after '*CH3;OH hydrocarboxylation (top) and
mass spectrum of the obtained acetic acid after *CH;OH hydrocarboxylation (bottom). Error bars represent

standard deviation in three CONSECUtIVE EXPEITMENLS. ......ccvierviereeereetieriierteesteeseetesaeseesseesseesesssesssesseessessseessens 195

Figure 6.6. (a) The proposed catalytic cycle for DUT-5-Fe(OH), catalyzed direct oxidation of methane to methanol
using O;. (b) DFT-calculated free energy diagram at 398 K for DUT-5-Fe(OH); catalyzed methane to methanol
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Figure 6.7. (a) The proposed catalytic cycle for DUT-5-Fe(OH), catalyzed direct oxidation of methanol to acetic
acid via hydrocarboxylation. (b) The proposed catalytic cycle for DUT-5-Fe(OH), catalyzed direct oxidation of

methane to acetic acid via CO2 CarbOXYIALION. .....cc.eevvieciiiiiiieiieeie ettt eae e e e steesaeesbeeseeeseesseesaensens 199

Figure 6.8. (a) PXRD patterns of simulated DUT-5 (black), freshly prepared pristine DUT-5 (red), DUT-5-FeCl,
(blue), DUT-5-Fe(OH), (green) and DUT-5-Fe!(%-O,) (purple). (b) PXRD patterns of DUT-5-Fe(OH), after;
catalysis at 125 °C (black), run-3 at 125 °C (red), run-6 at 125 °C (blue), catalysis at 150 °C (magenta), run-3 at
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150 °C (brown), run-6 at 150 °C (green){Reaction conditions: 12 mg of DUT-5-Fe(OH), (11.6 umol Fe), 8 mL
H,O0, 30 bar CHs4, 8 bar O,, 40 h}, after catalysis at 175 °C (orange) {Reaction conditions: 6 mg of DUT-5-Fe(OH),
(5.8 umol Fe), 8 mL H,0, 30 bar CH4, 8 bar O,, 40 h for 125 °C followed by 40 h at 175 °C}and control reaction
with O, and N at 200 °C (purple){Reaction conditions: 6 mg of DUT-5-Fe(OH), (5.8 pmol Fe), 8 mL H,0O, 30
bar N, 8 bar Oz, 40 h}. The crystallinity and structure of MOF retained during the post-synthetic modifications
and the recycling experiments as shown by the PXRD patterns...........cccccveveeriieriieieeiieiieneereere e 201

Figure 6.9. TGA curve of freshly prepared DUT-5 and DUT-5-Fe(OH).. The increased weight of metalated MOF
is due to the presence of iron within the MOF. ..ot 201

Figure 6.10. () IR spectra of freshly prepared DUT-5 (black), DUT-5-FeCl, (blue) and DUT-5-Fe(OH); (red). (b)
IR spectrum of freshly prepared DUT-5-Fe(OH); (red) and DUT-5-Fe"(n2-O,) (black). In the IR spectra, u,-OH
stretching frequency peak of DUT-5 at 3781 cm™! disappeared upon metalation, however, a small peak of u>-OH
reappeared for DUT-5-Fe(OH),, due to the protonation of unreacted u,-OLi with water. The stretching frequency

observed at 881 cm™! is ascribed to the iron-peroxo SPECies.®™ .............cocviviviviiveieeeeeeeeeeeeeeee e 203

Figure 6.11. (a) SEM image of DUT-5-Fe(OH); particles. (b-c) SEM-EDX mapping of Al and Fe of the respective
particles. (d) SEM image of a DUT-5-Fe particle after catalysis. (e-f) SEM-EDX mapping of Al and Fe of the
respective particles. Reaction conditions: 6 mg of DUT-5-Fe(OH), (5.8 umol Fe), 8 mL H,0, 30 bar CH, 8 bar
0,, 40 h at 125 °C followed by 40 h at 175 °C. Uniform distribution of Al and Fe throughout the DUT-5-Fe
particles is observed. After catalysis SEM image and EDX mapping shows the DUT-5-Fe(OH), particle maintains

itS StrUCTUIE ANA COMPOSILION. ..eevviereieiieeiieeeiesteesiieteeteetestesteesseeseessesseesseesseesseessesssesssesseesseesseensesnsesssenseensensens 203

Figure 6.12. (a) Brunauer—Emmett—Teller (BET) nitrogen sorption isotherms of DUT-5 (black), DUT-5-Fe(OH),
(red) and DUT-5-Fe obtained after catalysis (blue) measured at 77 K. (b) HK pore size distribution of DUT-5
(black), DUT-5-Fe(OH), (red) and DUT-5-Fe obtained after catalysis (blue). A drop in surface area from 1623
m?/g to 1210 m?/g is observed for DUT-5-Fe(OH), in comparison to DUT-5, due to incorporation of Fe(OH),
moiety at the nodes. DUT-5-Fe after catalysis had a surface area of 1150 m%/g, showing a minimal deviation in
surface area from DUT-5-Fe(OH),. The pore sizes of 0.83 nm, 0.77 nm and 0.75 nm are observed respectively.

Reaction conditions: 6 mg of DUT-5-Fe(OH), (5.8 pmol Fe), 8 mL H,O, 30 bar CHy, 8 bar O,, 40 h.............. 204

Figure 6.13. '*C NMR (500 MHz) spectra of the reaction mixture obtained after DUT-5-Fe(OH); catalyzed '*CHq4
oxidation into CH;OH at 125 °C. No trace signals of '*CO or *CO, were detected in the liquid phase at ~185 ppm
or ~129 ppm and gas phase was relied upon for quantification of CO and CO,. Reaction conditions: 30 bar '3CHs,
8 bar O,, 8 mL H,0, 125 °C, and 40 h. 0.5 mL of the reaction mixture after catalysis was mixed with 0.5 mL of
D20 and BC NMR Was PEITOTME. .......ccoovouiiiieeiieeeeieeeteteeeeeeeee ettt ettt ettt es et sesesees et etensesesens 211

Figure 6.14. (a) '*C NMR (500 MHz) spectra of the reaction mixture obtained after '*CH4 carboxylation using
CO,. (b) Mass spectrum of the obtained acetic acid after '*CHy4 carboxylation using CO,, Reaction conditions:
DUT-5-Fe(OH), (6 mg, 5.8 pmol), 30 bar '*CHa, 8 bar CO,, 150 °C, and 40 h. Signal centered at 21.5 ppm,
corresponding to the sp® hybridized carbon in '3CH3;CO,H, confirms the involvement of CHs-derived carbon atoms

in the formation Of ACETIC ACIA. ......covviiiiiiiii ettt e et e et e e eeaae e e e aaeeeeesaaeeeennaeeeseneeeesennns 211

Figure 6.15. 3C NMR (500 MHz) spectra of the reaction mixture obtained after using isotopically labelled *CO,
in (a) CHy4 carboxylation. Reaction conditions: DUT-5-Fe(OH), (6 mg, 5.8 pmol), 30 bar CHy, 8 bar *CO,, 150
°C, and 40 h. (b) CH30OH hydrocarboxylation. Reaction conditions: DUT-5-Fe(OH), (6 mg, 5.8 umol), 0.5 mmol
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CH;0H, 4 bar '3CO, 4 bar H,, 150 °C, and 40 h. Signal centered at 177.5 ppm, corresponding to the sp? hybridized

carbon in CH3"*CO,H, confirms the involvement of CO»-derived carbon atoms in the formation of acetic acid.

Figure 6.16. X-band EPR spectrum of the DMPO loaded reaction mixture obtained after; DUT-5-Fe(OH),
catalyzed oxidation of methane using oxygen at 125 °C (black), DUT-5-Fe(OH); catalyzed methane carboxylation
using CO; at 150 °C (blue), and DUT-5-Fe(OH), catalyzed CH3OH hydrocarboxylation using CO» and H, at 150
°C (red). No DMPO-radical adducts were detected during CH3OH hydrocarboxylation or CHs4 carboxylation

indicating non-radical pathways for the formation of acetic acid..........ccceeveriiriiiiiniiie e 213

Figure 6.17. Impact of different amounts of DUT-5-Fe(OH). on catalytic methane oxidation, resulting in (a)
methanol production at 125 °C and (b) acetic acid formation at 150 °C. Reaction conditions: DUT-5-Fe(OH), (6-
24 mg), 8 mL H,0, 30 bar CHs, 8 bar O, and 40 h. The linear increase in methanol and acetic acid production,

with nearly constant selectivity, demonstrates consistent productivity across different catalyst quantities........ 213

Figure 6.18. Standard calibration curves for the quantification of (a) CH3OH and (b) CH3CO-H using ethylene
glycol (CoHgO2) as the Standard............coccooiiiiiiieieee ettt ettt ettt s e b e b 214

Figure 6.19. Pictorial depiction of the method followed for collection and analysis of the gas components after the
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Figure 6.20. Low temperature (77 K) X-band EPR spectra of DUT-5-Fe(OH), (red) and DUT-5-Fe after catalysis

at 125 °C. A gyaue of 4.3 is typical of high-spin Fe''in thombic coordination environment.*%.......................... 220

Figure 6.21. X-band EPR spectrum of the DMPO loaded reaction mixture obtained after; DUT-5-Fe(OH),
catalyzed oxidation of methane using oxygen at 125 °C (black), DUT-5-Fe(OH), catalyzed methane carboxylation
using CO; at 150 °C (blue), and DUT-5-Fe(OH), catalyzed CH3OH hydrocarboxylation using CO, and H; at 150
°C (red). No DMPO-radical adducts were detected during CH3OH hydrocarboxylation or CH4 carboxylation

indicating non-radical pathways for the formation of acetic acid..........ccceeiiriiriiiiiniee e 220

Figure 6.22. DFT-optimized structures of intermediates and transition states of the catalytic cycle in DUT-5-

Fe(OH); catalyzed methane carboxylation to acetic acid. ........cc.coeveririririeieniinenenereecceeecenee e 227

Figure 6.23. DFT-optimized structures of intermediates and transition states of the catalytic cycle in DUT-5-

Fe(OH), catalyzed oxidation of methane to Methanol............c.ccoeouveiiiiiiiiiinieee e 228

Figure 6.24. DFT-calculated free energy diagram at 423 K for DUT-5-Fe(OH), catalyzed methanol

hydrocarboXylation t0 ACELIC ACIA. .....vecvieiiriiiieitieitieie ettt ettt et e et e seesre e aeesbeeseesseesseenseenseensenssenssessnenses 229

Figure 6.25. DFT-calculated free energy diagram at 398 K for DUT-5-Fe(OH), catalyzed methane oxidation into
TNEENATIOL. ...ttt etttk b et ea e et e et et e eb e bt eb e e a e en e et et e ehe ekt e bt eh e en e et e teehe bt ebeeneeneenean 229

Figure 6.26. DFT-calculated free energy diagram at 423 K for DUT-5-Fe(OH), catalyzed methanol

hydrocarboxXylation t0 aCETIC ACIA. .....eouiiiiiiiitieiee ettt et h ettt ettt ea et nneas 230

Figure 6.27. DFT-calculated free energy diagram at 423 K for DUT-5-Fe(OH), catalyzed methane carboxylation
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Figure 6.28. u(E) XAS spectra of metallic Fe(0) (black), Fe,Os (red), Fe(OH); (purple), INT-3 (brown), DUT-5-
Fe(OH), (green), and DUT-5-Fe after catalysis (blue). Reaction conditions: 6 mg of DUT-5-Fe(OH); (5.8 umol
Fe), 8 mL H»0, 30 bar CHy, 8 bar Oz, 40 h and 125 OC......ccviiiiiieiiecieeeee ettt et e e sveeeaee e 241
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Figure 6.29. (a) EXAFS spectra (black and green squares) and fits (red and blue lines) of DUT-5-Fe(OH); in the
R space from 1.0 - 4.0 A. (b) DFT-optimized structure of DUT-5-Fe(OH)2(H»0). The fitting parameters are
summarised i TADIE 6. 14 .....c..ooiiiiiiiiiee ettt ettt sttt ettt sb e sb et ebe e 242

Figure 6.30. (a) EXAFS spectra of DUT-5-Fe(OH): fitted with Fe(0). (b) EXAFS spectra of DUT-5-Fe(OH); fitted
with combined models of DUT-5-Fe(OH), and Fe(0). (c) Fe(0) model.*' .. .....cocooviviiiiiieceeeeeeeeeeeee 242

Figure 6.31. (a) EXAFS spectra of DUT-5-Fe(OH): fitted with Fe,Os. (b) EXAFS spectra of DUT-5-Fe(OH); fitted
with combined models of DUT-5-Fe(OH), and Fe;Os. (¢) FexOs model. ™ ..o 243

Figure 6.32. (a), (c) EXAFS spectra of DUT-5-Fe(OH); fitted with iron coordinated at the defect sites of DUT-5.
(b),(d) DFT-optimized structure of iron coordinated at the defect sites of DUT-5. ......cccccooiiiiiiiiiniineceee 243

Figure 6.33. (a) EXAFS spectra (black and green squares) and fits (red and blue lines) of DUT-5-Fe after catalysis
at 125 °C in the R space from 1.0 - 4.0 A. (b) DFT-optimized structure of DUT-5-Fe(OH),(H,0). The fitting

parameters are summarised in Table 6.15. . ... e 244

Figure 6.34. (a) EXAFS spectra (black and green squares) and fits (red and blue lines) of DUT-5-Fe after catalysis
at 150 °C in the R space from 1.1 - 4.0 A with DFT-optimized structure of DUT-5-Fe(OH)»(H,0). The fitting
parameters are summarised in Table 6.16. (b) k*-weighted Fe-EXAFS y(R) spectra of DUT-5-Fe(OH); (red), DUT-
5-Fe after catalysis at 125 °C(blue), and ), DUT-5-Fe after catalysis at 150 °C (black).........c.cccveevirvenierieennene 244

Figure 6.35. (a) Raw XPS data of DUT-5-FeCl,. (b) XPS fitting of aluminium in DUT-5-FeCl.. (c) XPS fitting of
10N I DUT=5-FECLa. .ttt ettt ettt e b e s b e s bt e bt e bt e bt eateeaeeeaeenbeeteentens 247

Figure 6.36. (a) Raw XPS data of DUT-5-Fe(OH),. (b) XPS fitting of aluminium in DUT-5-Fe(OH),. (c) XPS
fitting of iron iN DUT-5-FE(OH)2. .cvtrueriieiiiiieiinierie ettt sttt ettt st st 247

Figure 6.37. (a) Raw XPS data of DUT-5-Fe after catalysis at 125 °C. (b) XPS fitting of aluminium in DUT-5-Fe
after catalysis at 125 °C. (c) XPS fitting of iron in DUT-5-Fe after catalysis at 125 °C.......c.ccccoveninenenencnenn. 247

Figure 6.38. (a) Raw XPS data of DUT-5-Fe after catalysis at 150 °C. (b) XPS fitting of aluminium in DUT-5-Fe
after catalysis at 150 °C. (c) XPS fitting of iron in DUT-5-Fe after catalysis at 150 °C..........ccccocenineninennnne. 248

Figure 6.39. (a) Raw XPS data of Fe@DUT-5. (b) XPS fitting of aluminium in Fe@DUT-5. (¢) XPS fitting of
TN TN FE@DUT-5. ..ottt ettt ettt e a e st e e aeeete e beesbeesbeessesssesseesseesseesseessesseenssenseensens 248

Figure 7.1. (a) Zr-UiO-66 MOF node supported Cu(I) for one-step methane-to-ethanol (MTE) transformation. (b)
Synthesis of UiO-66-Cu. (c) Key-highlights of the Zr-UiO-66 u3-OH node supported Cu(I) catalyst compared to
Zr-Ui0-66 defect-coordinated CU(D)..........ccveiieiiieiiieiieie sttt ettt eve et b e v e saae e e saeeseessesaseessessseseessens 252

Figure 7.2. (a) PXRD patterns of the simulated Zr-UiO-66 (black), pristine UiO-66 (red), UiO-66-Cu (blue), and
Ui0-66-Cu after run-5 (green). (b) Cu 2p XPS spectra of UiO-66-Cu. (¢) X-band EPR spectra of UiO-66-Cu
(black), UiO-66-Cu after run-2 (blue) and UiO-66-Cu after run-4 (pink). (d) Cu K-edge XANES spectra of Cu
foil (black), Cu,O (blue), CuO (red), UiO-66-Cu (green) and UiO-66-Cu after run-4 (pink).(e¢) EXAFS spectra
(black and pink hollow squares) and fits (black and pink solid lines) of UiO-66-Cu. (f) k>-weighted Cu-EXAFS
%(R) spectra of UiO-66-Cu (black), Cu,O (blue), CuO (green), and Cu foil (red). Optimized reaction conditions
for methane oxidation: 14 mg UiO-66-Cu (24 umol Cu), 100 °C, 15 bar CHs and 15 bar On. ....ccevvevuerennenne 254

Figure 7.3. (a) Catalytic performance of UiO-66-Cu for methane to ethanol transformation under varying methane
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