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ABSTRACT

Nanoclusters have attracted significant interest as catalysts due to their unique physical
and chemical properties, which significantly differ from those of bulk materials. Their
high surface-to-volume ratio and tunable electronic structures enable enhanced
catalytic performance, making them promising candidates for hydrocarbon
transformation. Efficient catalytic transformation of hydrocarbons into value-added
chemicals is essential for sustainable chemical production, addressing both economic
and environmental concerns. However, achieving high selectivity and stability in these
transformations remains a challenge, requiring a deeper understanding of catalytic
mechanisms at the atomic level. This thesis aims to elucidate the mechanisms by which
transition metal nanoclusters facilitate hydrocarbon catalytic transformation into value-
added chemicals. The focus is on three key areas of research: the dehydrogenation of
hydrocarbons into value-added chemicals using metal carbide nanoclusters and metal
oxide nanoclusters encapsulated in zeolite, the hydrogenation of unsaturated
hydrocarbon compounds using metal sulphide nanoclusters and the conversion of
polyolefins into fuels using metal nanoclusters. A combination of density functional
theory (DFT) and molecular dynamics (MD) simulations is employed to gain atomic-
level insights, complementing experimental findings.

The first study investigates the mechanistic insights for methane dehydroaromatization
(MDA) reaction on nanocluster isomers using DFT and MD simulations. An
investigation is carried out into the catalytic behaviour of two distinct isomers of
molybdenum (Mo) carbide nanoclusters confined within the zeolite (ZSM-5) cage. The
significance of metastable nanoclusters, the possible key intermediate and the

mechanisms behind ethylene and acetylene formation have been elucidated, illustrating



that higher energy Mo carbide structures are helpful for C-H activation and C-C
coupling. Furthermore, the synthesis of nanoclusters from two different precursors, i.e.
hexagonal (h-MoO3) and orthorhombic (a-MoQO3) crystals of molybdenum oxide is
studied. The catalyst prepared from the metastable hexagonal form (h-MoO3) on the
zeolite support measured a higher benzene formation rate and reduced coke deposition
compared to 0-MoO3/HZSM-5. The simulations reveal greater interaction and facile
anchoring of h-MoOs3 with the zeolite surface. This interaction during the impregnation
process led to the formation of more active molybdenum carbide nanoclusters
responsible for C-H activation and C-C coupling.

The second study focuses on the reactivity of nanoclusters for the conversion of
methane to value-added chemicals, specifically the selective formation of formic acid.
Atomically dispersed Fe and Au within Na ZSM-5 catalyst produced C; oxygenates
with 95 % selectivity to formic acid. This highly selective product synthesis is attributed
to the synergistic effect between the Fe and Au species. DFT simulations reveal insights
into the mechanism of methane transformation to formic acid on nanoclusters
encapsulated in ZSM-5, emphasising the roles of gold (Au) and sodium (Na) in
influencing reaction pathways. The active site is identified as a mononuclear Fe cluster
anchored on the Al-O acidic site, which lies in close proximity to cationic gold species.
Surface hydroxyl on the Au nanoparticle was identified as facilitating the O-H and C-
H activation reactions in methanol, forming formic acid.

The third study examines the effect of alkali metal cations (Li*, Na*, K*, Rb", and Cs™)
in ethylene hydrogenation. A detailed mechanistic pathway is investigated to compute
adsorption energies, reaction energies, and activation barriers for elementary steps in

the hydrogenation process. To understand the observed trends, the study incorporates
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charge analysis and computationally derived IR spectroscopy to highlight the electronic
and structural differences among the cations. The results highlight the role of cation
size and electronic properties in influencing catalytic performance, supported by
experimental validation.

The final study explores the catalytic activation of polyolefins to fuels using Lewis acid
nanocluster catalysts, particularly N-butyl pyridine chloride and anhydrous aluminium
chloride (AICI3), along with copper chloride and iron chloride nanoclusters. Notably,
Fe’" and Cu?" showed effective conversion rates in LDPE (low-density polyethene)
experimentally. Further, DFT results provide insights into the role of these metal
chlorides, suggesting that CuCl. and FeCls facilitate the formation of reactive
nanoclusters that dissociate more effectively in AICls, the proposed active site, thereby
enhancing conversion and improving product selectivity. This thesis provides
fundamental insights into the mechanistic pathways of nanocluster-mediated
hydrocarbon transformations by integrating theoretical studies with experimental
validation. The findings advance the understanding of catalytic processes for fuel and

chemical production.

vil



I
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selective oxidation. Reprinted with permission from the American Chemical Society
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Figure 3.2. Schematic representation illustrating the transition from a complex many-
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Figure 4.3. (a) Cluster fluxionality from lowest to metastable nanocluster in the gas
phase. (b) encapsulated in 10 MR of zeolite ZSM-5. (IS: Initial state, TS: Transition
state, FS: Final state). Bond length changes (in A) are labelled in red. The energy
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nanocluster depicting the IS (i), (TS) (i1), and (FS) (iii) configurations. Key bond
distances are labelled in A. The activation energies (E.) and reaction energies (AE.x)
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Figure 4.11. Reaction pathway for the dehydrogenation of methyl (CH3) on Mo02Cs
nanoclusters anchored within 10 MR of ZSM-5. (a) Lowest energy nanocluster: Initial
state (IS) (i), transition state (TS) (ii), and final state (FS) (iii) configurations. (b)
Metastable nanocluster depicting the IS (i), (TS) (ii), and (FS) (iii) configurations. Key
bond distances are labelled in A. Colour code: Mo: cyan, Si: yellow, Al: pink, C: black,
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Figure 4.23. Energy profile comparison of the carbenium pathway (black) and alkyl
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Figure 5.1. Schematic representation of methane oxidation to oxygenates such as

methanol and formic acid over a bimetallic Au-Fe catalyst supported on Na-ZSM-5.
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wavenumber A™!, respectively. (c) and (d) depicts the corresponding experimental data
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associated with a Gibbs free energy change (b) illustrates the dissociation of FeCls-
ADLCl; into tert-Butyl cation. Gibbs's free energy of dissociation is (in kJ/mol). Fe
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TNEETINEAIALES. ..eeetieniieeiie ettt ettt ettt et e et e st e st e st e e bt e sbeeeabeesaeeenbeesnneenneas 316
Figure A.2. (a) Reaction pathway on the metastable energy nanocluster, showing
activation energies for C-H bond cleavage, C-C coupling, and subsequent
dehydrogenation step (Path-2). .....c.cooiiiiiiiiiiiie s 317
Figure A.3. (a) Geometrically optimized structure of (a) orthorhombic MoO3 and (b)
hexagonal MoO3 CIYStalS. .......cooiiiiiiiiiiiiie e 318
Figure B.1. (a) Representation of the active site (Fe-oxide along with Au") within the
ZSM-5 framework (b) Au(111) surface model with four atomic layers and a 15 A
vacuum in the Z-direction; the top two layers are allowed to relax while the bottom two
are fixed.(c) Ausg nanoparticle model. ...........ccooviiiiiiiiiiiiin 319
Figure B.2. (a) Reaction pathway for the formation of methanol on the Au (111)
surface, depicting the IS, TS and FS. In TS, the O-H bond starts forming. The bond
formation leads to methanol (CHsOH) formation from a methyl radical (CHs*) and
surface hydroxyl (OH*). (b) Corresponding energy profile. ..........ccoceevverieiiiiennnns 320
Figure B.3. Stepwise oxidation of methanol to formic acid over Auss nanoparticles.

(Left). Corresponding energy profiles (Right).........cccooovveiiiniieiiiiiiiiiiieeeeeeen 322
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Figure C.1. Schematic representation of the cation- Mo,S4 cluster. Mo: green, H: white,
C: grey, S: yellow and Cs: Maroon. The atoms are labelled as Mo(1), Mo(2), S(1), S(2),
S(3), S(4), and the cation. S atoms S(1) and S(2) are in bridging positions, while S(3)
and S(4) are termiNal.........c..coocuiieiiiiiiiiie e 325
Figure C.2. Charge distribution on the Mo atom in cation-modified Mo,S4 clusters
computed using three different functionals (B3LYP, PBEO, and TPSSh) with spin
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Figure C.3. Heatmap illustrating the Mayer bond orders between atoms in the
[LiMo2S4]" cluster, calculated using the (a) B3LYP, (b) PBEO and (c) TPSSh functional.
The bond orders are displayed for Mo-Mo, Mo-S, S-S, Mo-Li, and Li-S interactions.
Higher bond orders (indicated by brighter colours correspond to stronger bonding
interactions, while lower bond orders (darker colours) represent weaker interactions.
(Spin multiplicity =1). The nomenclature of atoms corresponds to the structure shown
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Figure C.4. Heatmap illustrating the Mayer bond orders between atoms in the
[NaMo2S4]* cluster, calculated using the (a) B3LYP, (b) PBEO and (c) TPSSh
functional. The bond orders are displayed for Mo-Mo, Mo-S, S-S, Mo-Na, and Na-S
interactions. (Spin multiplicity =1). The nomenclature of atoms corresponds to the
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Figure C.5. Heatmap illustrating the Mayer bond orders between atoms in the
[KMo02S4]" cluster, calculated using the (a) B3LYP, (b) PBEO and (c) TPSSh functional.
The bond orders are displayed for Mo-Mo, Mo-S, S-S, Mo-K, and K-S interactions.
(Spin multiplicity =1). The nomenclature of atoms corresponds to the structure shown

I FTGUIE Col ottt 329

XXX1V



Figure C.6. Heatmap illustrating the Mayer bond orders between atoms in the
[RbMo02S4]* cluster, calculated using the (a) B3LYP, (b) PBEO and (c) TPSSh
functional. The bond orders are displayed for Mo-Mo, Mo-S, S-S, Rb-Na, and Rb-S
interactions. (Spin multiplicity =1). The nomenclature of atoms corresponds to the
StrUCture SHOWN IN FIGUIE C. 1...c..uueecreeeeiieeeiie ettt ae e eaee e aaeesraeesree e 330
Figure C.7. Heatmap illustrating the Mayer bond orders between atoms in the
[CsMo2S4]" cluster, calculated using the (a) B3LYP, (b) PBEO and (¢) TPSSh functional.
The bond orders are displayed for Mo-Mo, Mo-S, S-S, Rb-Na, and Rb-S interactions.
(Spin multiplicity =1). The nomenclature of atoms corresponds to the structure shown
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Figure C.8. Heatmap illustrating the Mayer bond orders between atoms in the (a)
[KMo02S4]%, (b) [RbMo02S4]*, and (c) [CsMo02S4]* clusters, calculated using the B3LYP
functional for the first hydrogenation transition state (T'S1). The nomenclature of atoms
corresponds to the structure shown in Figure 6.8 .................ccooooiiiiiiiniiiiiinn. 332
Figure C.9. The IR spectrum of CO adsorbed on the (a) [LiMo02S4], (b) [NaMo02S4]",
(c) [KMo2S4]*, (d) [RbMo02S4]", and (e) [CsMo02S4]* clusters computed using three
functionals. The prominent peak exhibits C-O stretching vibration..............cc..c....... 333
Figure C.10. Variation of C-O stretching frequencies (wavenumber) with cation type
(Li*, Na*, K*, Rb*, Cs*) in cation-modified Mo2S4 clusters. (spin multiplicity 3).....334
Figure C.11. The correlation between the charge on Mo and the C-O stretching
frequency is presented with different functional and spin multiplicity 3 for cation-
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Figure D.1 Addition of Cu and Fe chloride in two different oxidation states to
[C4Py]CIL:1.9AICI3 ionic liquid for LDPE conversion. (collaborative work, with
experiments performed by the Lercher group (CRC, TUM, Germany). ................... 338
Figure D.2 EXAFS y(k) as a function of the photoelectron wavenumber (k)for the
ADLCl7°CuCl: DCM system. The grey region represents the individual x(k) signals from
100 snapshots extracted from AIMD simulations. The blue line indicates the averaged
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Figure D.3 y(k) as a function of the wavenumber (k) for the ALLCl;:CuCl.:DCM
system. The grey region represents the individual y(k) signals. The pink line shows the
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Figure D.4 y(k) as a function of the wavenumber (k) for the Al>Cl;:FeCl.:DCM
system. The grey region represents the individual y(k) signals from 100 snapshots
extracted from AIMD simulations. The green line indicates the averaged y(k). ....... 339
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