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Abstract 

Heterogeneous reactions catalyzed by transition-metal-related nanoparticles represent a crucial 

type of reaction in chemical industry.  This thesis provides a multiscale modelling approach to 

study the benzene hydrogenation reactions on molybdenum carbide nanoparticles (MCNPs) in 

the process of in-situ heavy oil upgrading in Alberta. To clarify the debate on the benzene 

hydrogenation mechanism, density functional theory (DFT) calculations are performed with 

cluster models in Chapter 3. From the DFT thermodynamic data, together with the experimental 

information gathered in the literature, the benzene hydrogenation mechanism on molybdenum 

carbide was identified as the Horiuti-Polanyi type Langmuir-Hinshelwood mechanism. Benzene 

adsorbs horizontally on the molybdenum carbide, and the hydrogenation process causes the 

gradual tilting up of the C6 ring, to form 12-dihydrobenzene and 1234-tetrahydrobenzene, and 

finally the product cyclohexane, and causes the crossover from chemisorption to physisorption. 

Topological analysis of the electron localization function (ELF) in Chapter 4 provides a deeper 

understanding of the interactions between the unsaturated hydrocarbons and the MCNPs. The 

chemisorption of unsaturated hydrocarbons on the MCNPs involves strong chemical interactions 

of a covalent nature, and is dominated by multi-center electron sharing interactions. The building 

up of a multiscale model starts with the parameterization of the quantum mechanical (QM) 

density functional tight-binding (DFTB) method for Mo, C, H, O, and Si. The QM calculations 

show that the MCNPs are highly metallic nanoparticles. The topology of the active sites is more 

important than the sizes of the MCNPs for the catalytic activity. By coupling the QM DFTB 

method with an MM force field, a quantum mechanical/molecular mechanical (QM/MM) model 

was built to describe the reactants, the nanoparticles and the surroundings. Umbrella sampling 

(US) was used to calculate the free energy profiles of the benzene hydrogenation reactions in a 
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model aromatic solvent in the in-situ heavy oil upgrading conditions. By comparing with the 

traditional method in computational heterogeneous catalysis, the results reveal new features of 

the metallic MCNPs. Rather than being rigid, they are very flexible in the working condition due 

to the entropic contributions of the MCNPs and the solvent, which greatly affect the free energy 

profiles of these nanoscale heterogeneous reactions. 
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Chapter One: Introduction  

1.1 Organization of the thesis 

In this thesis, I provide four chapters of original work (Chapter 3, 4, 5, and 6) on the 

catalytic hydrogenation of high-aromatic heavy oil on molybdenum carbide particles in the in-

situ upgrading process, using benzene as a model reactant. Chapter 1 is a background literature 

review of topics that are directly related to this research: the chemistry of in-situ heavy oil 

upgrading, the structures and electronic structures of molybdenum carbides, previous 

experimental and computational studies on the catalytic hydrogenation of benzene, and 

previously reported strategies for the modelling of heterogeneous catalysis and nanocatalysts. 

Chapter 2 focuses on the various theories and computational methods used in this work, 

including density functional theory (DFT), the density functional tight-binding (DFTB) method, 

hybrid quantum mechanical/ molecular mechanical (QM/MM) methods, and other calculation 

methods used in the thesis. The results start from chapter 3 with a first-principles thermodynamic 

study on the adsorption of benzene and its hydrogenation product - cyclohexane, as well as the 

cyclic hydrogenation reaction intermediates on the Mo2C (0001) surface. To further investigate 

the nature of the chemisorption of unsaturated hydrocarbons on molybdenum carbides, a 

topological analysis of the electron localization function is provided in chapter 4. As first-

principles methods turned out to be not efficient enough for studying the kinetics and dynamics 

of the target system, the remainder of the work is devoted to a faster semi-empirical approach. In 

chapter 5, the parameterization of DFTB, an approximate DFT method, for the elements Mo, C, 

H, O and Si is presented. This enables not only kinetic studies, but direct multi-scale molecular 

dynamic simulations of the model system. Chapter 6 includes two parts: the first part is a DFTB 

study of the potential energy profiles of benzene hydrogenation on various sizes of molybdenum 
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carbide nanoparticles (MCNPs) in the gas phase; the second part introduces the environment, and 

focuses on the dynamics and free energies of benzene hydrogenation on MCNPs in a model 

aromatic solvent under in-situ heavy oil upgrading conditions. Chapter 7 presents the overall 

conclusions and future perspectives. 

1.2 Background 

1.2.1 In-situ heavy oil upgrading 

Petroleum has been the most commonly used source of energy since the second 

industrial revolution, and is projected to continue to provide most of the energy consumed for 

another 50 years
1
. More importantly, petroleum is not only an energy source, but also the most 

valuable carbon source for the chemical industry. After over a century of exploitation, the 

world’s oil quality is declining, simply because the best quality was found and used first. The 

remaining oil will be difficult to produce, and also difficult to refine. Heavy oil, for example the 

Alberta oil sands, which were once conventionally thought to be un-economical, have now 

become the focus of the world’s oil companies. These heavy oils contain higher amounts of 

aromatics, nitrogen and sulfur than light oils. Hydro-treating, or hydro-conversion is used to 

signify processes by which molecules in petroleum feedstocks are saturated with hydrogen gas 

while decreasing boiling points and impurity contents from petroleum fractions
2
. Therefore 

hydro-treating is at the heart of economic and environmental concerns for heavy oil utilization. 

Hydro-treating involves multiple reactions
3
: the removal of impurities (N, S) are called 

hydrodesulphurization (HDS) and hydrodenitrogenation (HDN); the increase of the 

hydrogen/carbon (H/C) ratio is called hydrogenation (HYD); and the breaking of C-C bonds is 

called hydrocracking (HYC). Hydrogenation adds hydrogen to the unsaturated hydrocarbon, 

mostly the aromatic rings, and promotes the subsequent hydrocracking reactions; both of them 
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decrease the viscosity of the crude oil. As a result, hydrogenation is also referred to as 

hydrodearomatization (HDA)
4
.  

1.2.1.1 Heavy oil 

Petroleum is often classified based on the standard for its density
5
, which was set by 

the American Petroleum Institute (API), called API gravity. API gravity varies inversely with the 

density. API can be expressed in the following way: 

                  
      

 
       

(1.1) 

where   and        are the densities of the fluid and water at 0.1 MPa and 15.6°C, respectively. 

Conventional oils (light & medium) have API gravities higher than 20°, while heavy crude oils 

have API gravity values between 10° and 20°. Oil sands are a mixture of 4% - 6% water, 83% – 

85% sediment such as sands, clay, and other minerals, and 10% - 12% bitumen. Extra heavy oil 

and bitumen have API values between 5° and 10°. Generally, heavy crude oil has high in situ 

viscosities under reservoir conditions and high density. Oil sands are so viscous that they are not 

mobile in the reservoir. At room temperature, the crude bitumen is in an almost solid state, and 

must be converted to upgraded crude. High aromatic content in heavy oil has been recognized as 

one of the major reasons for the increase in density and viscosity of the fuel.
6
 

 

Figure 1.1 World oil reserve and percentages
7
. 

Conventional oil only constitutes 30% of the world oil reserves (Figure 1.1), and is 

approaching depletion very quickly. Unconventional crudes such as heavy oil, extra-heavy oil 

and oil sands, which, in the past, were not economical for upgrading, are now playing a more and 
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more important role in the world energy market. Of particular interest is the large heavy oil 

deposit of Canada, which may account for 174 billion barrels, or 66% of the total oil reservoir in 

Saudi Arabia. However, 169 billion barrels are located in the oil sands. Oil sands production 

currently makes up to about 50% of Canada’s total crude oil production, and is expected to grow 

from 2.2 million barrels/day in 2015 to 2.9 million barrels/day in 2020.
8
 

A recent integrated quantitative chemical characterization
9
 of Alberta oil sands 

bitumen identified hydrocarbons, including n-alkanes (very low concentration), un-substituted 

polycyclic aromatic hydrocarbons (PAHs), and their alkylated homologues (APAHs), and some 

biomarkers. The PAH compounds in oil sands extracts are dominated by alkylated homologues 

of C0, C1, C2, and C3 PAH substitutes. 

1.2.1.2 Upgrading of oil sands using in-situ approaches 

There are two oil sand extraction technologies.  Integrated mining/upgrading can be 

used for bitumen deposits close to the surface, which includes mining, extraction and upgrading. 

The term “upgrading” refers to the processes of coking, desulphurization and hydrogenation that 

convert the viscous black bitumen deficient in hydrogen and high in sulphur and heavy metals 

into a high quality crude oil. However, this application of integrated mining is very limited 

because 80% of the oil sands deposits are too deep, and in-situ operations must be used for these 

bitumen reservoirs. Also, surface mining techniques can consume 20 times more water than 

conventional oil drilling for the separation of bitumen.
10
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Figure 1.2 a): Schematic diagram of Steam-assisted gravity drainage (SAGD)
11

, adapted 

(labels are added for clear visualization) with permission from Environmental Health 

Perspectives Apr. 2009; 117(4): A150–A156. b): Cross-section schematic of the SAGD 

process
12

, reprinted from Fuel, 115: 707, Energy efficiency and emissions intensity of 

SAGD, Copyright (2014) with permission from Elsevier. 

One of the most popular in-situ recovery methods is steam-assisted gravity drainage 

(SAGD). In fact, much of the expected future growth of production in the Canadian oil sands is 

predicted to be from SAGD.
10

 In SAGD (Figure 1.2), two permeable horizontal wells are drilled 

into the oil sands reservoir, one injector and one producer. The producer well is located on the 

bottom of the reservoir, and the injector well is at the top of it. Steam is injected through the 

injector well for months to soften the oil sands into emulsions, which then flow into the 

production well by gravity, are pumped to the surface, and sent to refinery plants for further 

refining. The SAGD process uses a large amount of water and natural gas to generate the steam 

and is economically and environmentally challenged. 
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Figure 1.3 The idea of in-situ oil sand upgrading with nanocatalysts.
13

  

The idea of in-situ upgrading
14

 (Figure 1.3) is closely related to SAGD, but involves an 

additional “underground refinery” process. Instead of injecting steam, heavy oil is pre-injected to 

the oil sand reservoir through the injector well with ultra-dispersed (UD) catalysts and H2. The 

UD catalysts are usually on the nano-scale such that they could penetrate inside the porous 

medium in the reservoir and react with the bitumen. The hydrotreating reactions (hydrogenation, 

hydrodesulphurization, hydrodenitrogenation, and hydrocracking) happen underground to 

upgrade the oil sands into higher quality crude oil. Similarly to SAGD, the product fluid flows 

into the production with gravity, and is pumped to the surface under pressure. A separator is used 

in which lighter components are collected through the upper pipe as products, and heavier 

components continue the cycle through the lower pipe. In-situ upgrading takes advantage of the 

exothermicity of hydrogenation reactions to reduce the viscosity of the oil sands, and improves 

the quality of the product by hydrogenation. It is also more environmentally friendly as it can be 

operated at lower temperature and pressure and avoids steam injection, saving energy and 
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water.
14

 The main chemistry of the in-situ heavy oil upgrading process is the catalytic 

hydrogenation and hydrocracking of aromatic molecules in the in-situ environment of 200-

400 °C and 400 psi. 

1.2.2 Aromatic hydrogenation reactions 

1.2.2.1 Thermodynamics of aromatic hydrogenation 

The typical feedstock in an oil sands reservoir is usually a mixture of different 

aromatic hydrocarbons. Hydrogenation is the addition of hydrogen to unsaturated hydrocarbons 

in the presence of catalysts. It is known as a strongly exothermic reaction. Table 1.1 shows the 

standard enthalpies of typical model hydrogenation reactions:  

Table 1.1 Standard enthalpies of some aromatic hydrogenation reactions
15

 

Reaction ΔH° (kJ/mol) 

benzene  + 3 H2      cyclohexane -206 

toluene + 3 H2  methyl-cyclohexane -205 

naphthalene + 5 H2  tetralin -140 

phenanthrene + 7 H2  tetradecahydrophenanthrene -565 

 

1.2.2.2 Molecular mechanism of aromatic hydrogenation 

In heterogeneous catalysis (explained in 1.2.3.3), two main types of mechanism are 

proposed: Langmuir-Hinshelwood and Eley-Rideal. In the Langmuir-Hinshelwood mechanism 

both molecules adsorb before they react; the Eley-Rideal mechanism has only one molecule 

adsorb, and the other molecule can directly react with the adsorbed one without adsorption 

(Figure 1.4). Most heterogeneous reactions follow the Langmuir-Hinshelwood mechanism. This 

has recently been explained in that Eley-Rideal reactions have a higher probability of failed 
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collision, and those failed reactants would bounce back without further opportunities to attempt 

the reaction.
16

 

 

Figure 1.4 Langmuir-Hinshelwood and Eley-Rideal mechanisms in heterogeneous catalysis 

In 1934, Horiuti and Polanyi published their mechanism
17

 which explains the reaction 

between unsaturated hydrocarbons (ethene and benzene) and hydrogen. The Horiuti-Polanyi 

mechanism is a two-molecule mechanism belonging to the Langmuir-Hinshelwood category. It 

states that hydrogenation reactions take four steps:  

1) The dissociative chemisorption of a hydrogen molecule produces hydrogen atoms; 

2) The chemisorption of unsaturated hydrocarbons on the catalyst leads to the opening 

of the double bond and the formation of chemical interactions with the catalyst. 

Upon chemisorption, for example C2H4 on Pt(111), the double bond (1.34 Å) 

stretches to almost the single-bond distance (1.49 Å)
18

,  but still maintains some 

double-bond character from the existence of π resonance.
19
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3) A hydrogen atom is transferred to one of the carbon atoms, and forms a half-

hydrogenated state; 

4) The successful attachment of the second hydrogen completes the hydrogenation 

reaction. 

As the foundational mechanism, it was later proved to be true in most hydrogenation 

reactions.
3
 A recent systematic study

20
 of the universality of the Horiuti-Polanyi mechanism 

shows that it dominates in all the strong adsorption regions; a non-Horiuti-Polanyi mechanism 

only appears in weak adsorption cases, when H2 dissociation is too difficult and the 

hydrogenation by molecular hydrogen appears to be the only way to achieve the reaction. The 

hydrogenation of single-ring aromatics thus can be seen as three consecutive hydrogenation 

reactions.  

For aromatic hydrocarbons containing more than one ring, hydrogenation proceeds via 

successive steps, each of which is reversible.
3
 Hydrogenation of the first ring is usually the least 

thermodynamically favorable step under typical hydrotreating conditions. Besides, 

experimentally at high space velocities (usually defined as reactant volumetric flow rate/reactor 

volume), the amount of mono-aromatics in the products was found to be higher than in the 

feed.
21

 This is a result of a lower hydrogenation rate of mono-aromatics compared with di- and 

tri aromatics. Thus conversion of mono-aromatics is the key step in the production of low-

aromatics diesel fuel by hydrodearomatization.
4
 Based on the above reasoning, we use the 

simplest mono-aromatic molecule, benzene, as our model molecule. 

1.2.3 Molybdenum carbides nanocatalysts 

Among the transition metal-containing catalysts, the carbides of molybdenum and 

tungsten are known for their extreme hardness, thermal stability and high reactivity in 
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heterogeneous catalysis. Mo2C, for example, has catalytic activity in a wide variety of reactions: 

Fischer-Tropsch
22

, ammonia synthesis and decomposition
23

, water-gas shift
24

, dehydrogenation
25

, 

isomerization
26

 and methanation
27

. In particular, Mo2C displays excellent activity in 

hydrogenation type reactions, surpassing those of the best eighth group metals such as 

ruthenium
28

. However, because of their extreme hardness, the synthesis of high surface materials 

is not easy, which limited their use in catalysis and industry. With the development of synthetic 

methods
29

 for ultra-dispersed (such as nano-scale) molybdenum carbide particles in the past few 

decades, it is now becoming a very promising substitute for noble metal catalysts. Economically, 

molybdenum is much more abundant than noble metals. Canada is the fourth-largest producer of 

molybdenum in the world, behind the US, China and Chile. Canada produces over 8 million kg 

of molybdenum annually, with total reserves of 220 thousand metric tons.
30

 

1.2.3.1 The structures and electronic structures of bulk molybdenum carbides 

Molybdenum carbides are crystalline compounds with metallic characteristics formed 

by the insertion of carbon into the lattice of Mo. Molybdenum monocarbide (MoC) has more 

than 6 phases,
31

 and the most common one takes a face centered cubic (fcc) format
32

, adopting a 

NaCl type (rocksalt) structure. Molybdenum hemicarbide (Mo2C) exists in two stable crystalline 

forms: α-Mo2C and β-Mo2C.
33

 There is confusion in the nomenclature of the Mo2C phases. 

Experimentalists
34

 and some theoretical chemists
35

 have been using α-Mo2C to refer to the 

orthorhombic phase, and β-Mo2C to the hexagonal phase, but some other theoretical chemists
36

 

used the opposite convention. We follow the nomenclature of the experimentalists to name the 

orthorhombic phase as the α phase. It is worth mentioning that some researchers
37

 also use “fcc-

Mo2C” to indicate the orthorhombic Mo2C. The α-Mo2C, which is the more active form, has an 

orthorhombic
34e

 (space group: Pbcn, with a=4.729Å, b=6.028Å, and c=5.197Å) arrangement of 
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Mo atoms, adopting a ζ-Fe2N type structure. It is also the stable phase below 1350 ˚C; up to 46 

Gpa, the orthorhombic form of Mo2C was found to be slightly lower in energy than the 

hexagonal phase.
38

 The conditions for in-situ hydrogenation of hydrocarbons, at which the 

molybdenum carbide catalysts are supposed to be used, is usually at around 200-400 ˚C and 400 

psi (the in-situ conditions). The molybdenum atoms in α-Mo2C form a slightly distorted 

hexagonal close packed (hcp) lattice. The carbon atoms in the α-Mo2C occupy octahedral 

positions in the lattice. They arrange themselves in such a way that each molybdenum atom has 

three equidistant nearly planar carbon neighbors (Figure. 1.5). β-Mo2C forms a hexagonal phase, 

with Mo atoms forming an hcp lattice, and the C atoms filling half of the octahedral interstitial 

sites.
39

 The Mo2C studied in this thesis refers to α-Mo2C unless stated otherwise.  

 

Figure 1.5 The unit cells of α-Mo2C and β-Mo2C; Mo are shown in blue and C in grey 

As for the electronic structure, projected densities of states (PDOS) from DFT 

calculations
36c

 show that α-Mo2C has the strongest metallic character among all molybdenum 

carbide phases, as the corresponding bands are very close to the Fermi level; therefore this phase 

could better stabilize and activate the adsorbed molecules. Photoelectron spectroscopy (PES) 

studies
34b

 have been performed on the C-terminated α-Mo2C (0001) surface, and it was found 
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that although the valence band is mostly composed of Mo 4d - C 2p hybrid states, the band near 

the Fermi level (0-1 eV) is mostly composed of Mo 4d orbitals. 

1.2.3.2 Molybdenum carbides as aromatic hydrogenation catalysts 

Recently, Pereira-Almao et al reported their low-temperature synthesized
40

 nano-

crystalline Mo2C catalyst with 98% conversion ratio (Figure 1.6) for toluene hydrogenation at 

473 K
41

, which is significantly better than commercial hydrotreating catalysts. Efforts are being 

made to synthesize even smaller molybdenum carbide nanoparticles from different molybdenum 

and carbon sources
42

, with the aim of applying them in in-situ oil sand upgrading.
43

 A very 

recent work shows that carbon supported Mo2C could selectively hydrogenate naphthalene to 

tetralin with a lasting high conversion up to 60 hours and 100% selectivity.
44

 Despite these 

experimental successes, there are still some unsolved issues in Mo2C catalyzed hydrogenation. 

 

Figure 1.6 Toluene hydrogenation activities of molybdenum carbide and other commercial 

catalysts.
41

 Reprinted from Applied Catalysis A: General, 394: 69, Toluene hydrogenation 

at low temperature using a molybdenum carbide catalyst, Copyright (2014) with 

permission from Elsevier. 
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The first reported work of Mo2C-catalyzed hydrogenation is by Lee et al
45

. The activity 

of supported Mo2C catalyst (at 323 K) is even higher than supported Ru catalyst for benzene 

hydrogenation, and cyclohexane was identified as the only product. However, this and their 

subsequent study
28

 found that the activity of benzene decays very fast within 3 hours; the 

deactivation became more pronounced as the reaction temperature was increased. The same 

deactivation phenomenon was observed by Wu et al
46

 and Rocha et al
47

 separately using 

unsupported Mo2C. A debate
28, 47-48

 emerged over the reason for the deactivation, which can be 

attributed to lack of knowledge of the reaction mechanism of Mo2C catalyzed hydrogenation. Up 

to the present, it is still not clear about the unique deactivation of benzene hydrogenation in 

Mo2C-catalyzed hydrogenation, compared to the hydrogenation of other aromatic molecules 

such as toluene
42, 49

 and naphthalene
44, 50

. 

1.2.3.3 Nanocatalysts for heterogeneous catalysis 

Generally, catalysts can be divided into two main categories: homogeneous catalysts 

and heterogeneous catalysts. In a homogeneous catalytic reaction, the catalyst is in the same 

phase as the reactants. Heterogeneous catalysts refer to the catalysts that have a different phase to 

that of the reactants and products. The most common heterogeneous catalysts in industry are 

solid/liquid and solid/gas catalysts, where the catalysts are in the solid phase, and the reactants 

are in the liquid or gas phase. Based on their size, these solid catalysts can be further classified
51

 

into three characteristic regions: (a) molecular clusters with less than 40 atoms (deq ≤ 1nm); (b) 

intermediate nanoparticle (deq ~2nm); and (c) bulk structures. Nanocatalysts, if applied to a 

liquid reaction environment, belong to the class of heterogeneous catalysts, in which the sizes of 

the catalyst particles are at the nanometer scale (intermediate nanoparticle). The development of 

new synthetic strategies in recent years has enabled large-scale exploration and exploitation of 
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the unusual properties of nanoparticles, which have very different electronic and geometric 

structures from either single atom (molecule) or the bulk.
52

 Examples in catalysis are gold 

colloidal nanoparticles (AuNPs). They can now be synthesized, with control over their size, 

shape, solubility, stability and functionality,
53

 and applied to the catalysis of  alcohol oxidation, 

homocoupling of phenylboronic acid, CO oxidation, hydrogenation of benzalacetone, oxidation 

of glucose, hydrogen evolution, etc.
54

 Therefore, nanocatalysts represent the direction of catalyst 

development where heterogeneous catalysts can be tailored at the nano-scale. 

1.2.3.4 Molybdenum carbide nanoparticles (MCNPs) 

 

Figure 1.7 Transmission electron micrographs of sonochemically produced MCNPs
60

, 

adapted (showing only the top half of the original figure) with permission from (Hyeon, T.; 

Fang, M.; Suslick, K. S., Nanostructured Molybdenum Carbide:  Sonochemical Synthesis 

and Catalytic Properties. J Am Chem Soc 1996, 118 (23), 5492-5493.) Copyright (2014) 

American Chemical Society. 

Nano-structured molybdenum carbide can now be synthesised by several methods: 

temperature-programmed reactions using ammonia heptamolybdate
55

 [(NH4)6Mo7O24·4H2O] 

(AHM) or MoO3
56

 as precursors; sonochemical synthesis from the ultrasonic irradiation of 

molybdenum hexacarbonyl;
57

  the reactive layer-assisted deposition (RLAD) method,
58

 and the 

carbothermal hydrogen reduction method.
59

 The MCNPs prepared with different methods have 
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different size and morphology. For example, the MCNPs prepared by Hyeon et al
60

 with 

sonochemical method have an average size of 3 nm (Figure. 1.7). 

Although X-ray diffraction (XRD) characterizations have been applied to these 

MCNPs to get phase information, no further work was reported about the high-resolution 

structure of these materials. As such, the detailed atomic structures of MCNPs are still not 

available. In terms of theoretical studies, there are very few works devoted to the understanding 

of MCNPs. Podkolzin et al
61

 studied Mo2Cx (x = 1, 2, 3, 4, and 6) and Mo4Cx (x = 2, 4, 6, and 8) 

clusters using density functional theory, showing that when the Mo/C ratio > 1, the C atoms are 

incorporated as single atoms in bridging positions between 2 Mo atoms; the anchoring sites to 

zeolite prefer surface sites rather than porous sites as suggested by a quantum-

mechanical/molecular mechanical (QM/MM) model. Herman et al
36b

 studied the adsorption of 

NO and CO on a Mo31C12 cluster with density functional theory, suggesting higher activity of 

Mo-terminated surfaces than C-terminated surfaces. Jiao et al
62

 used ab initio atomistic 

thermodynamics and studied the stability of β-Mo2C facets for Wulff-type particles, for which 

the surface morphology of the particles follows the Gibbs-Wulff theorem
63

: the surface Gibbs 

free energy is minimized by assuming a shape to reduce the surface energy. 

1.3 Motivation and objectives 

Many important chemical reactions happen in complex environments. The modelling 

of such real life complex systems is perhaps the ultimate challenge for computational chemists. 

In the last 20 years or so, we’ve seen great success in the understanding of biological catalysts 

(enzymes) with the application of multi-scale approaches. The pioneers in this field are Martin 

Karplus, Michael Levitt and Arieh Warshel who won the Nobel Prize in Chemistry 2013. 

Specifically, the combined QM/MM approaches have been the method of choice for modelling 
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reactions in biological systems.
64

 Nevertheless, limited work has been done in the field of 

heterogeneous catalysis. Very significant progress has been made towards the integration of 

various levels of theory in heterogeneous catalysis into one multi-scale simulation using the first-

principles kinetic Monte Carlo method, which was recently reviewed by Reuter et al
65

. However, 

most of these studies still ignored the reacting environment. On the other hand, nanoparticles are 

still at the frontier of theoretical modelling. These systems are too small to be treated with band 

structure theory, but too big to be seen as molecules. The periodic models often used in these 

studies ignore the quantum size effect of the nanoparticles, while the small cluster work may 

miss some special structural (shape of active sites) and electronic structural features (electron 

delocalization) of the nanoparticles. The direct atomic level modelling of nanocatalysts in the 

reacting environment and the prediction of energy profiles remains a challenge to computational 

chemistry. With this motivation, this thesis is an attempt to use multi-scale approaches (QM/MM) 

to model the in-situ upgrading of oil sands in Alberta catalyzed by molybdenum carbide 

nanoparticles working in their environment. The atomic level understanding of these reactions 

from the simulations can be used for the design and preparation of new nanocatalysts. 

Objectives:  

1. Find the reaction mechanism of benzene hydrogenation on Mo2C. 

2. Provide an electronic level understanding of the interactions between aromatic 

hydrocarbons and molybdenum carbide. 

3. Develop a multi-scale model for modelling the heterogeneous reactions catalyzed 

by nanoparticles. 

4. Calculate the potential energy profiles and the free energy profiles of benzene 

hydrogenation on MCNPs. 
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5. Evaluate the effect of size of MCNPs and the topology of the active site as well as 

the environment on the catalytic activity. 

From the thesis work, it has been shown that benzene hydrogenation on Mo2C most 

likely follows a Langmuir-Hinshelwood mechanism (Horiuti-Polanyi mechanism, to be more 

specific). The interactions of unsaturated hydrocarbons with molybdenum carbide are dominated 

by multi-center interactions at an electronic level. A set of semi-empirical DFTB parameters are 

developed to treat the organic molecule-inorganic material hybrid system. Our calculations show 

that the MCNPs as small as 1.2 nm are still highly metallic. The catalytic activity of the MCNPs 

greatly depends on the topology of the active sites, or the morphology of the MCNPs. The sites 

that have less adsorption affinity to benzene such as two-fold sites are generally more favorable. 

A multiscale QM(DFTB)/MM model was built to treat the in-situ catalysis system in a more 

realistic way, and the umbrella sampling method was used to calculate the free energy profiles of 

the reactions under working conditions. By comparing the traditional method of QM geometry 

optimization, minimum energy path calculation, and thermal correction based on the harmonic 

approximation to the QM/MM umbrella sampling method, new features of the nanocatalysts are 

found. The MCNPs are a lot more “flexible” in their working conditions than we usually think, 

because of the entropic contribution (including non-harmonic vibrational entropy) from the 

nanoparticle and the solvent. And this finding suggests a different way of modelling transition 

metal nanocatalysts from what has usually been done in the past. 
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Chapter Two: Computational Methods  

2.1 Overview 

Various levels of theories are used in this thesis, including: a first-principles method – 

density functional theory (DFT), a semi-empirical method – density functional tight-binding 

(DFTB), and the combined quantum mechanical/molecular mechanical (QM/MM) method. The 

calculation of chemically interesting properties involves the electron localization function (ELF) 

for the bond analysis, the nudged elastic band (NEB) method for the minimum energy path 

(MEP), umbrella sampling combined with molecular dynamics (MD) for the free energies. Due 

to the large span of the methods used overall and that each of the later chapters uses different 

methods, this chapter is not intended to give all the practical details of the calculations. Rather, 

this chapter is an explanation of the underlying principles of the methods. Detailed descriptions 

of all the technical settings and parameters are included separately in each of the later chapters. 

2.2 Density Functional Theory (DFT) 

Density functional theory is an electronic level quantum mechanical modelling method. 

It was developed from the Schrödinger equation with the motivation of searching for alternative 

concepts other than wavefunctions as the basic variable, in order to reduce the computational 

cost. Hohenberg and Kohn
1
 laid the foundation of DFT by proving that the electron density is 

one such basic variable. Kohn and Sham
2
 later made DFT-based calculations practical by 

introducing the Kohn-Sham method. deMon2k
3
, initially developed in the Salahub group, is an 

efficient DFT code based on auxiliary density functional theory (ADFT) in the framework of 

linear combination of Gaussian type orbital (LCGTO) expansions. Since most of the DFT-related 

calculations in this thesis were carried out with the deMon2k code, I will briefly review the 

underlying theories of this code. For more details, please refer to the literature
4
. Besides, this will 
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be used as a foundation for the later introduction of the Density Functional Tight-Binding (DFTB) 

method. 

2.2.1 Hohenberg-Kohn Theorems and the Kohn-Sham Method 

The first Hohenberg-Kohn theorem
1
 states that the electron density uniquely and 

variationally determines the ground state energy   and wavefunction  . The total energy is a 

functional of the ground state density
5
: 

   [ ]       [ ]  ∫ ( ) ( )      [ ]  
(2.1) 

Here,      is the nuclear-nuclear repulsion energy,  ( )  is the electron density,  [ ]  is the 

kinetic energy of the electrons,  ( ) is the external /nuclear potential, and    [ ] is the electron-

electron repulsion energy. However, this theorem is applicable only if the electron density can be 

determined without solving the Schrödinger equation to get the wavefunction. This problem was 

treated by using Kohn-Sham orbitals in the Kohn-Sham method. KS-orbitals   ( ) are a set of 

one-electron orbitals for a non-interacting reference system that has the same density as the true 

one-electron density: 

 ( )  ∑  
 

 

   

    
(2.2) 

Here M is the number of non-interacting electrons. The total energy then becomes 

 [ ]         [ ]  ∫ ( ) ( )    [ ]     [ ]  
(2.3) 

where    [ ] is the non-interacting Kohn-Sham kinetic energy that can be easily evaluated; the 

coulomb energy is 
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The exchange-correlation energy collects the difference of the kinetic energies of the interacting 

system and non-interacting system, and the difference of all interaction and classical electron-

electron coulomb repulsion, 

   [ ]  ( [ ]     [ ])  (   [ ]   [ ])  (2.5) 

More explicitly, the DFT energy can be written as 
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(2.6) 

where    is the orbital occupation number,   and   are different nuclei, and    and    are the 

nuclear charges. 

Using the linear variational method, we don’t have to solve the many-electron 

Schrödinger equation, but we find the best trial density and KS orbitals that minimize the energy. 

The electron density and the KS orbitals corresponding to the ground state must minimize  [ ], 

subject to the constraint that the occupied KS orbitals must have the same ground state density as 

the true system as equation (2.2) shows. This minimization yields a set of secular equations, i.e. 

the Kohn-Sham equations: 

( 
 

 
    ( )  

 

 
∫
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|    |
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(2.7) 

where the exchange correlation potential is 

   [ ]  
    [ ]

  ( )
 

(2.8) 

and the last three terms in parentheses are combined into the Kohn-Sham potential 
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2.2.2 Auxiliary Density Functional Theory 

The Kohn-Sham orbitals are expanded as linear combinations of Gaussian-type 

atomics orbitals: 

  ( )  ∑    ( )

 

  (2.10) 

where  ( ) is an atomic orbital and     is the expansion coefficient. The contracted atomic 

orbitals  ( ) can be further expanded as linear combinations of atom-centered Gaussian type 

orbitals  ( ): 

 ( )  ∑     ( )

 

   

  
(2.11) 

  ( ) are also called primitive orbitals, and are expressed:  

  ( )  (    )
  (    )

  (    )
      (   )   (2.12) 

where A is a nucleus. Both the exponent    and the contraction coefficient     for atomic 

orbitals of different atoms and different angular momentum are listed in the BASIS file of 

deMon2k. In my thesis, the double-zeta valence polarized (DZVP) basis set was used for all 

atoms except for Mo, for which a relativistic effective potential (RMCP12|LK)
6
 along with the 

(RMCP12|LK) basis set was used. 

With these expansions, the electron density now is  

 ( )  ∑  
 

 

   

   ∑    ( )

   

 ( )  
(2.13) 

where     is the density matrix. Now, the DFT Kohn-Sham total energy can be rewritten as 
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where     is the core Hamiltonian matrix element that collects all the one-electron two-center 

integrals as 

    ⟨ | 
 

 
  | ⟩  ∑⟨ |

  

|   |
| ⟩  

 

 

 

(2.15) 

and 〈  ||  〉 is the two-electron four-center integral of coulomb repulsion energy as 

〈  ||  〉  ∫∫
 ( ) ( ) (  ) (  )

|    |
        

(2.16) 

In ADFT, the integrals in both the coulomb repulsion energy and the exchange-correlation 

energy are fitted with auxiliary functions, which are primitive Hermite Gaussians
7
 of the form 

 ̅( )  (
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(2.17) 

with the exponents    for atomic orbitals of different angular momentum provided in the AUXIS 

file. The AUXIS (GEN-A2)
7
 was used for all ADFT calculations in my thesis. With the primitive 

Hermite Gaussians, an approximate density can be expanded as: 

 ̃( )  ∑  ̅

 ̅

 ̅( ) 
(2.18) 

The variational fitting of the Coulomb potential proposed by Dunlap
8
 is based on the 

minimization of the error: 
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(2.19) 

with   ( ) being the difference between the Kohn-Sham orbital density and the fitted auxiliary 

density: 
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  ( )   ( )   ̃( )  (2.20) 

Since the error    must be positive, this inequality can be used to derive the following equation: 
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(2.21) 

where both  ̅ and   ̅are primitive Hermite Gaussians. 

Employing the fitted density for the exchange-correlation potential calculation, ADFT 

formally has the following total energy expression
9
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(2.22) 

Köster et al
10

 further noticed that the variation of the fitting coefficients can be used not only for 

the fitting of the Coulomb potential, but also change the molecular orbital coefficients, which 

changes the problem from minimization to a MinMax SCF procedure, while ensuring the strict 

variational nature of ADFT. 

2.2.3 Dispersion Corrections in DFT 

Traditionally, the dispersion interaction was defined by London as the interaction of 

two separate neutral particles without permanent electrical moments, and having no overlapping 

charge density. The dispersion interactions are important in many important phenomena in 

chemistry, biology, and materials science. Some ab initio methods are capable of handling both 

short- and long-range dispersion, including Möller-Plesset perturbation theory (MPn) and 

coupled cluster (CC) theory. Density functional theory is a collection of methods which forms a 

“Jacob’s ladder”
11

. The exact exchange-correlation functional on top of the ladder must contain 

both correct short- and long-range interactions, but the functional form is not currently available. 

Among the two most popular functionals, local spin density (LSD) approximations are known to 
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be not only over-binding at short range, but have no correct long-range interaction at all
12

. 

Generalized gradient approximations (GGA) such as PBE behave reasonably well at short range, 

but also have no correct long-range interaction
13

. To fix the long-range dispersion problem, the 

DFT community usually adds an empirical dispersion correction term to the DFT total energy. In 

deMon2k, the empirical dispersion energy is given by
14
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(2.23) 

Here     is the distance between atoms α and β.    is a global scaling factor that adapts to 

different DFT functionals.  (   ) is a damping term that switches off the dispersion correction 

at short range. The diatomic coefficient   
  

is calculated by the formula: 

  
  

 
   

   
 

  
    

 
 

(2.24) 

2.2.4 Level Shift 

Mathematically, self-consistent-field (SCF) calculations are essentially nonlinear 

problems of the form
15

: 

   ( )  (2.25) 

An initial set of guessed orbitals are used to generate a new set of orbitals, and the procedure is 

repeated until convergence is reached. In some cases such as transition metal systems, SCF 

convergence problems arise. Because of the number of d electrons and the small HOMO-LUMO 

gap, the SCF procedure oscillates between two or more wavefunctions that are close to different 

states or a mixing of states. For these systems, a level shifting method
16

 can be used to force the 

convergence of the wavefunction. It works by increasing the energies of the virtual orbitals by a 

constant, which enlarges the HOMO-LUMO gap and improves the SCF convergence.  
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2.2.5 Electron Localization Function 

The electron localization function (ELF) is a property introduced by Becke and 

Edgecombe
17

 for the evaluation of the localization of electrons in molecules. The ELF can be 

written as: 

    [  (
 

  
) ]

  

   
(2.26) 

where 
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(2.27) 

and 

   
 

  
(   )  ⁄    ⁄   

(2.28) 

Here, Ts is the kinetic energy density. D represents the curvature of the electron pair density for 

electrons of the same spin. Dh is the corresponding expression for the homogenous electron gas 

of the same density. ELF has values between 0 and 1. If ELF=0.5, then the Pauli repulsion at that 

position equals the Pauli repulsion of a homogeneous electron gas of the same density. The 

topological analysis of ELF was introduced by Savin
18

 for the classification of chemical bonds. It 

provides a basis for the understanding of chemical bonding in the Lewis bonding scheme. 

2.3 Density Functional Tight-Binding (DFTB), an approximate DFT 

DFTB is a tight-binding approximation of the DFT method. It can be analytically 

derived from the KS energy functional by a variational treatment. It is, however, not strictly 

“semi-empirical”, because it does not involve any empirical parameterization. In DFTB, the 

Hamiltonian and overlap matrices are calculated purely out of DFT atomic orbitals, and the 

repulsive potentials are calibrated with DFT atomic potentials. Also referred as the “simplest 
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scheme that is genuinely quantum mechanical”
19

, in DFTB the electronic kinetic energy is 

calculated by diagonalizing a Hamiltonian. The second-order self-consistent-charge (SCC) 

correction can be used to account for charge fluctuations.  In my thesis, three different DFTB 

codes were used for different purposes: deMonNano
20

 developed by Heine for parameterization 

and Bohr-Oppenheimer molecular dynamics (BOMD), DFTB+
21

 from Elstner for geometry 

optimization and minimum energy path (MEP) search, and SCCDFTB/CHARMM
22

 from Cui 

for QM/MM molecular dynamics simulations. 

2.3.1 DFT as the Basis for a Tight-Binding Method 

In the KS-DFT method, the total energy of the system is a functional of the electron 

density.  
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In DFTB, the electron density is written as a reference density and a density fluctuation
23

: 

 ( )    ( )    ( )  (2.30) 

The total energy of DFTB is the expansion of the DFT energy expression around the reference 

density to second order (for simplification,  ( ) is denoted as   and   (  ) as   ): 
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Here, we use the first term to define the reference Hamiltonian: 
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 ̂   
 

 
   ( )  ∫

   

|    |
        [  ] 

(2.32) 

or  

 ̂   ̂     [  ] (2.33) 

In equation (2.31), the second term is added to correct the double counting in the Coulomb term 

of  ̂ ; the third term is used to cancel out the exchange-correlation contribution in  ̂ ; and the 

fourth term is left from including the    related part of the Coulomb contribution to  ̂ . Finally, 

we expand    [     ] in a Taylor series up to second order and substitute into equation (2.31) 

to get the total energy expression of DFTB: 
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The second line of equation (2.34) that is independent of the density fluctuations    defines the 

short-range pairwise repulsive contribution Erep. 
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(2.35) 

The third line of equation (2.34) collects the contributions related to density fluctuations, and is 

named as E2nd. 
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2.3.2 Standard DFTB 

In standard DFTB, the    related terms in equation (2.34) are neglected. The total 

energy for standard DFTB is thus
24

: 

      ∑⟨  | ̂ |  ⟩

 

 

      

(2.37) 

Using the tight-binding approximation, the KS orbitals    are expanded as linear combinations 

of atom-centered localized atomic orbitals   (    ): 

  ( )  ∑     (    )

 

 

 

(2.38) 

Using linear variational theory to treat equation (2.37), we get a set of secular equations: 

∑   (   
          )   

 

 

              
(2.39) 

where 

   
     ⟨  | ̂ |  ⟩          ⟨  |  ⟩                  (2.40) 

Here, α and β represent different nuclei; μ and ν are the atom-centered localized atomic orbitals 

belonging to atom α and β, respectively. To get the atom-centered localized atomic orbitals, 

spherical neutral pseudoatoms are constructed. This is done by solving self-consistently the 

modified atomic Kohn-Sham equations with an additional confinement potential: 

( ̂  
  

 
 ∫

  
 (  )

|    |
       [  

 ]       )        
(2.41) 

There are various forms of confinement potentials, and the most famous one is suggested by 

Seifert et al:
24
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      (
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(2.42) 

Here,    and N are both parameters to be optimized in the parameterization process. With these 

atom-centered localized atomic orbitals    and    as basis functions, we are able to calculate the 

matrix elements    
  and     . The calculation of      is straightforward. For the calculation 

of    
 , however, further assumptions have to be made. If we define the effective Kohn-Sham 

potential of pseudoatom α as  

    
   

  

 
 ∫

  
 (  )

|    |
       [  

 ]         
(2.43) 

then the one electron potential of the many-atom structure is 

     ∑    
 (|    |)

 

 

 

Making a two-center approximation, we only consider two-center Hamiltonian matrix elements, 

assuming 

         
 (|    |)      

 
(|    |) (2.44) 

Besides, only the valence electrons are considered. Then the calculation of Hamiltonian matrix 

elements can be summarized as: 

   
     {

  
                                                                      

⟨  | ̂      |  ⟩   { }   { }       

                                                                 

         

(2.45) 

With     and     calculated and only being functions of diatomic distances, they are 

independent of the electron density. Thus the solution of the secular equation (2.39) no longer 

requires SCF convergence. Practically, these integrals are tabulated in a file and are read directly 
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during the calculation. The      term in the DFTB total energy expression (2.37) is fitted against 

DFT potentials, and will be discussed in detail in section 2.3.4. 

2.3.3 Self-Consistent Charge (SCC) Correction 

In self-consistent charge corrected DFTB (SCC-DFTB)
25

, the density fluctuation, 

  ( ) , contribution, E2nd, is included.  
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(2.46) 

Using the TB concept, the density fluctuation is approximated as the superposition of atom-

centered contributions which decay rapidly on going away from the atom center: 
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(2.47) 

Then equation (2.36) becomes 
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(2.48) 

Using the monopole approximation and neglecting the shape of the electron density, the density 

fluctuation contributed from atom α can be written as 

          
 (|    |)     (2.49) 

where    
  is the normalized radial dependence of the density fluctuation on atom α for the 

spherically symmetric angluar function    . 

Equation (2.48) becomes 
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(2.50) 

For simplicity, the double integral is defined as    : 
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(2.51) 

The key to the self-consistent charge correction is to evaluate     . Elstner et al
25

 

noticed that when the atoms are located very far apart, the charges can be seen as point charges; 

it is only when the atoms are very close that knowledge of the actual charge distribution is 

needed to evaluate    , which can be approximately related to chemical hardness   or Hubbard 

parameters    as: 

            (2.52) 

They assume an exponential decay of normalized spherical charge density: 

 ( )  
  
 

  
    |    |  

(2.53) 

Substituting this into equation (2.50) and neglecting the second-order contributions to Exc, one 

obtains  
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(2.54) 

Setting    |     | , after integration and coordinate transformations, the following 

functional form of     can be obtained: 

    
 

 
  (       )          

  

 
    

(2.55) 

The details of the derivation and the form of the exponentially decaying function S can be found 

in the literature
25

. Practically, the Hubbard parameters    are calculated with ab initio methods 

such as DFT, such that     includes the contribution of the exchange-correlation effect (    term 

in equation 2.51). With      calculated, equation (2.46) can be rewritten as 
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(2.56) 

Similarly to standard DFTB, the LCAO methods are used with atom-centered localized 

atomic orbitals   (    ) from pseudoatoms; then applying linear variational theory, we get 

similar Kohn-Sham-like equations and the following secular equation: 

∑   (         )   

 

 

              
(2.57) 

The overlap matrix elements     for SCCDFTB has the same expression as standard DFTB in 

equation (2.40) . However, the Hamiltonian matrix elements for SCC-DFTB are now 
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(2.58) 

where the charge fluctuation is calculated: 

         
   (2.59) 

and the charges are evaluated by Mulliken population analysis: 
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(2.60) 

2.3.4 DFTB Parameters 

DFTB parameters
26

 are organized into a set of text files called Slater-Koster (SK) files, 

each corresponding to a diatomic pair. An SK file contains three parts: a header, an integral table, 

and a diatomic repulsive potential. The header contains the distance between the grid points of 

the integral table and the number of points in the table. In the case of homo-nuclear SK files, it 
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also contains the orbital energies, the Hubbard parameters, and the occupation number for the 

angular momenta d, p and s for the given atom. The main body of an SK file is the integral table, 

with each line containing Hamiltonian integrals and overlap integrals for the valence orbitals of 

different types (s, p, and d) and bonding nature (σ, π, and δ) for the corresponding diatomic 

distance. The order of each line is: 

   (  )   (  )   (  )   (  )   (  )   (  )   (  )   (  )   (  )   (  )   

  (  )   (  )   (  )   (  )   (  )   (  )   (  )   (  )   (  )   (  )  

The short-range repulsive potential Erep can be represented as a polynomial or a spline in SK files. 

It is determined as the difference of total energy resulting from a DFT calculation and a DFTB 

calculation without the repulsive part in the SK files (i.e. the electronic part of the DFTB total 

energy Eelec).  

    ( )      ( )       ( ) (2.61) 

The development of the DFTB parameters used in the thesis is discussed in detail in Chapter 5. 

2.3.5 Dispersion Interactions in DFTB 

Unlike DFT/GGA, DFTB with and without SCC correction, completely excludes the 

van der Waals interactions
13

. Therefore instead of simply adding a C6 term with damping 

coefficients to account for long-range dispersion, a force-field like van der Waals terms has to be 

added to DFTB to account for both short and long range dispersion. Zhechkov et al
13

 suggested 

using a van der Waals term similar to the universal force field (UFF) of the form: 

   ( )     [(
   

 
)
  

  (
   

 
)
 

]  
(2.62) 

where R is the diatomic distance,     is the van der Waals distance, and     is the well depth. 

However, in UFF the cutoff of    ( ) is based on the adjacency information of the bonding 
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topologies, which does not apply to a quantum mechanical method. Also, the      term at short 

range conflicts with the bonding interaction of electron density overlapping. In most DFTB 

codes, a polynomial of the following form is used to continue the description of van der Waals 

interactions: 

   
(           )( )        

     
    (2.63) 

Here, U0, U1, and U2 are determined to ensure the smoothness and continuity of the diatomic 

potential energy curves by matching the energy, and its first and second derivatives with 

equation (2.62) when       (i.e.       ⁄    ). Based on extensive tests, Zhechkov et al 

suggested using     and the following values for U0, U1, and U2: 

   
   

  
     

(2.64) 

      ⁄
   

  

   

   
   

(2.65) 

       ⁄
   

  

   

   
    

(2.66) 

This UFF-like dispersion is implemented in the codes deMonNano and DFTB+, along with the 

parameter library from the UFF force field
27

. 

2.4 Quantum Mechanics/Molecular Mechanics (QM/MM) Method 

2.4.1 CHARMM Force Field 

CHARMM
28

 (Chemistry at HARvard Molecular Mechanics) is a widely used all-

atomic molecular simulation program as well as a set of force fields. It has been developed with 

a primary focus on the study of biological systems, such as proteins, nucleic acids, lipids and 

carbohydrates etc. There are various versions of CHARMM force fields, particularly 

parameterized for specific systems. For example, CHARMM27 has been optimized for 
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simulating protein and DNA, CHARMM22 for protein, sugar, lipids etc. The one used in the 

thesis is  the CHARMM general force field (CGenFF) which was developed
29

 to improve the 

coverage of organic molecules such as drug molecules. The functional form of CGenFF is: 
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(2.67) 

The first five terms are bonding terms for bonds, valence angles, dihedral angles, improper 

dihedral angles, and Urey-Bradley (i.e. 1,3 interaction) term, respectively. The last term is the 

non-bonding term, which accounts for electrostatic interactions and van der Waals interactions. 

Here,                     are the equilibrium bond distances, angles, improper dihedrals and 

Urey-Bradley interaction, respectively; K’s are the corresponding force constants;         are 

the dihedral multiplicity;           are atomic point charges; D is dielectric constant; R is the 

diatomic distance;     is the van der Waals distance; and     is the well depth. 

2.4.2 QM(DFTB)/MM  

QM/MM is a multi-scale modelling method that couples quantum mechanical (QM) 

methods with molecular mechanical (MM) methods using the “hand-shake” scheme. “Hand-

shake” multi-scale modelling requires that the program runs concurrently over different spatial 

regions (Figure 2.1), with each region treated with different equations of motion.  
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Figure 2.1 Partition of the system into region A treated with QM and region B treated with 

MM 

In this thesis, the QM/MM scheme with DFTB as the QM method implemented in the 

CHARMM program by Cui et al
22

 was used. DFTB/MM uses the additive QM/MM scheme first 

introduced by Warshel
30

 and Levitt for treating biological systems: 

                     (2.68) 

Here the first term is the QM energy of the QM atoms; the second term is the empirical energy of 

the MM atoms; the last term is the QM/MM coupling term that includes electrostatic and van der 

Waals interactions: 

           
     

     
     

  (2.69) 

 where     
     

 and     
     

 represent the electrostatic and van der Waals interactions between 

QM atoms and MM atoms, respectively. Using the electrostatic embedding approximation, the 

MM charges are used to polarize the QM electrons, yielding: 

     ⟨ | ̂    ̂   
     

| ⟩      
     

     
(2.70) 

In the above total energy expression,  ̂   
     

 is the Hamiltonian for the electrostatic interaction 

between the MM atoms and the QM atoms using the one-electron operator: 
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(2.71) 

    is the nuclear charge of a QM atom;     is the partial charge of an MM atom; and M is the 

total number of QM electrons. To avoid evaluation of two and three-center integrals in 

⟨ | ̂   
     

| ⟩  in the total energy expression, the QM/MM electrostatic interaction is 

approximated by the Coulombic interaction between the Mulliken charges      (2.60) of the 

QM atoms and the MM partial charges    : 
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(2.72) 

The total energy expression for MM embedding SCC-DFTB is then: 
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(2.73) 

where α and β are both QM atoms. Applying linear variational theory with atom-centered 

localized atomic orbitals   (    ), once again a set of secular equations are obtained: 

∑   (         )   

 

 

              
(2.74) 

with the new Hamiltonian matrix elements including the contributions from MM partial charges: 
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(2.75) 

2.5 Transition State and Free energy Calculations 

The evaluation of potential energy differences and, preferably, the free energy 

differences is the key to the study of chemical processes. For all the DFT calculations, the 

transition states (TS) are located by the traditional TS search method. An overview is provided 

below to cover the nudged elastic band (NEB) method
31

 implemented in ASE (Atomic 

Simulation Environment)
32

 for DFTB TS calculations and the umbrella sampling technique for 

free energy calculations that are used in this thesis. 

2.5.1 Nudged Elastic Band Method  

Nudged elastic band (NEB) is a chain-of-states method
33

. In this method, several 

images or states of the system are connected together with spring forces, giving a path on the 

potential energy surface. Optimization of the intermediate images while keeping the initial and 

final states yields the minimum energy path (MEP) for a chemical reaction. If image i is only 

connected by spring forces with neighbouring images, then the force acting on it is: 

  
      (  )    

   (2.76) 

where    (  ) is the true force for image i, and   
  is the spring force felt by image i from the 

neighbouring images. This is the plain elastic band (EB) method.  



 

43 

 

Figure 2.2 The optimization of an initially guessed path on the potential energy surface to 

reach the minimum energy path (MEP) by the nudged elastic band (NEB) method. R 

means reactant state and P means product state. The components of the true force 

   (  ) and the spring force   
  on an image i are shown on the right side.  

However, the component of the spring force perpendicular to the path   
 |  and the 

component of the true force parallel to the path    ( )|  tend to pull images off the MEP 

(Figure 2.2). The “nudging” comes into play by projecting out   
 |  and    ( )| , leaving the 

force acting on image i as: 

  
       (  )|    

 |  (2.77) 

2.5.2 Molecular Dynamics  

Generally, molecular dynamics simulations solve Newton’s equations of motion 

numerically. The force acting on each atom can come from either empirical functions, such as 

the CHARMM force field (2.67) or from quantum mechanical energy functions (2.22 or 2.37 or 

2.64), or coupling methods such as DFTB/MM (2.70). Most of the MD simulations in my work 

use the DFTB/MM energy function implemented in CHARMM to drive the motion of the atoms. 

Starting from an atomic configuration, the force acting on each atom is calculated, and then 

Newton’s equation of motion is used to update the coordinates and momentum of each atom 
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within a predefined time interval Δt in the phase space. This updating process can be done 

numerically with different integration algorithms. Unless stated otherwise, the equation of 

motion was solved with the default Leapfrog Verlet method in CHARMM
28a

, with the following 

equations for updating position and velocity: 

 (    )   ( )   ̇ (  
 

 
  )     

(2.78) 

 ̇ (  
 

 
  )   ̇ (  

 

 
  )   ̈    

(2.79) 

where   is the atomic positions,  ̇    the velocity,  ̈    the acceleration, and t is the time. 

Unless stated otherwise, all simulations were run with a constant number of atoms, constant 

volume and constant temperature (NVT ensemble) with Δt=0.1fs. There is an empirical equation 

for determining Δt in DFTB MD simulations
20

: 

        √      ⁄  √       (    )⁄   (2.80) 

where mmin is the minimum atomic mass of the system, mH is the mass of the H atom, and T is 

the temperature of the simulation. This empirical equation suggests a timestep of 0.167 fs for our 

simulations. Using values lager than 0.167 fs may cause the system to be unstable because of 

rapid changes of the energy, which was indeed observed with a 0.2 fs timestep. 

Besides the time steps, to avoid the disruption of the MD simulations by large forces, 

proper starting configurations have to be generated. This is straightforward for crystalline 

structures where the system follows certain translational symmetry. However, for systems like a 

box of solvent, or a nanoparticle surrounded by solvent molecules, generating the initial 

configurations is not trivial anymore. In this thesis, the initial configuration generation (or 

“packing”) problem was solved by minimizing an object function using the GENCAN 

algorithm
34

 in the Packmol
35

 code. 
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For a system of M molecules, each with Ni atoms, where i is the molecule number, let 

us suppose the coordinates of the j
th

 atom in the i
th

 molecule is     (  
  
   

  
   

  
), then one can 

move a molecule i by rotational and translational degrees of freedom. Let the rotation vector 

be    (  
    

    
 ), and translation vector be     (  

    
    

 ). Then the new coordinates of the 

atoms after the move are: 

         (  )     (2.81) 

where  (  )  is the rotation matrix. These angular and translation vectors are optimized to 

minimize an object function, which includes two contributions. One is that the distance between 

any two atoms belonging to different molecules should not be too small: 

‖         ‖     (2.82) 

where T is a user-defined value as the tolerance. Besides, the atoms may be subjected to some 

geometric constraint. For example, we would like the molecules to stay in spheres, boxes, or 

cylinders etc. This kind of constraint can be expressed as: 

   (   )                          (2.83) 

where     is a geometric constraint function for atom j in molecule i. By taking the constraints 

directly into the object function, the packing problem is reduced to the unconstrained 

minimization of the object function
35
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by the variation of the rotation vector    and the translation vector     until f reaches a very small 

convergence criterion.  

2.5.3 Free Energy and Umbrella Sampling 

In statistical mechanics, for a system at constant volume and temperature, the 

(Helmholtz) free energy can be calculated from the MD simulations through  

   
 

 
        

(2.85) 

where      is the canonical partition function that can be obtained by integrating over all 

coordinate space: 

     ∫    ( )    
(2.86) 

Here, the integration over the momentum space generates a constant and is ignored because the 

potential energy function  ( ) is independent of the momentum. For chemical reactions, we are 

usually interested in three states: the reactant state, the product state, and the transition state (TS). 

A parameter (usually in one-dimension, but it can also be multi-dimensional) can be defined to 

describe the continuous change of the system, which is called the reaction coordinate (z). Then 

the normalized probability distribution of the reaction coordinate  ( ) can be calculated by 

integrating out all other degrees of freedom but z: 

 ( )  
∫     ( ) [  ( )   ]  

∫     ( )  
 

(2.87) 

Here, the denominator is essentially     , and is the normalization factor; the integration goes 

over the entire configuration space;  [  ( )   ] means all degrees of freedom but z. Ideally this 

will give  ( ) and therefore the free energy along the reaction coordinate  ( ) by: 
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 ( )   
 

 
   ( )  

(2.88) 

The free energy  ( ) with degree of freedom   extracted is also called the potential of mean 

force (PMF). However, simulations can only run for a finite time, and problems arise in the 

sampling part. The TS are often rare events compared to the entire configuration space because 

they are high in energy and low in probability. Conventional MD spends most of the limited 

computational time staying in the low energy states during the simulations, and cannot access the 

states of high energy.  

Umbrella sampling is a biased-sampling technique developed by Torrie and Valleau
36

 

that enhances the sampling by modifying the potential energy function, forcing the system to 

stay in the desired states. The basic idea of umbrella sampling is presented below; for further 

details, one can refer to the recent review paper by Kӓstner
37

. 

Adding a biased potential   ( ) (i is the window number) to the original unbiased 

potential energy function   ( ) with   being the reaction coordinate, we have a new biased 

potential energy function: 

  ( )    ( )    ( ) (2.89) 

where “b” means biased and “u” means unbaised. For each window, the biased potential 

  ( ) are chosen properly to force the system to stay at the desired point on the reaction 

coordinate. The simplest potential form is a harmonic potential centered at the desired value of  . 

In this way, the high-energy and low-probability regions of the phase space can be better 

sampled. However, one can only directly get a biased probability distribution   ( ) with the 

biased potential energy function   ( )    ( )from these simulations: 
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 ( )  

∫    [  ( )   ( ) ] [  ( )   ]  

∫    [  ( )   ( ) ]  
 

(2.90) 

Notice that   ( ) is independent of the integration in the numerator and, using equation (2.87), 

the relationship between   
 ( ) and   

 ( ) can be found as: 

  
 ( )    

 ( )     ( ) 
∫    [  ( )   ( ) ]  

∫      ( )  
 

(2.91) 

Here, the fraction is nothing but the ratio of the partition function for the biased potential energy 

function and the unbiased one. Taking the natural logarithm on both sides of equation (2.91) and 

multiplying with a constant  
 

 
, the free energy along the reaction coordinate   can be calculated 

as: 

  ( )   
 

 
    

 ( )   
 

 
    

 ( )    ( )      
(2.92) 

where   ( ) can be obtained from biased MD simulations,   ( ) is given analytically (usually 

being a harmonic potential).    is a free energy constant independent of   for umbrella sampling 

calculation of a single window: 

    
 

 
  

∫    [  ( )   ( ) ]  

∫     ( )  
  

 

 
  〈     ( )〉 

(2.93) 

where the angular brackets denote an ensemble average. However, multiple windows are usually 

needed to depict the whole course of the reaction coordinate with overlapping probability 

distributions (Figure 2.3). To combine these   ( ) vs.   curves into one diagram, in other words, 

to find the global distribution   ( ) from the distribution of each window   
 ( ), the weighted-

histogram analysis method (WHAM)
38

 is used to evaluate    to shift the free energies of the 

windows. 
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Figure 2.3 The free energy surface in umbrella sampling: dividing the entire reaction 

coordinate z into several windows each centered at zi. With biased forces properly added, 

umbrella sampling can cover the entire reaction coordinate in the configuration space. R 

means reactant state and P means product state. 

In WHAM, the global unbiased distribution   ( ) is the weighted sum of   
 ( ): 

  ( )  ∑    
 ( )

 

   

 

(2.94) 

where    is the weight factor for the i
th

 window, and W is the total number of windows. To 

combine the histograms, the probability distribution of each neighbouring window has to be 

alligned with good overlap. In WHAM, this is done by minimizing an error function  (  ) 

related to   ( ), subject to the constraint that the total weight factor of the windows must be 1: 

∑  

 

   

    
(2.95) 

Once the expression
38b

 for     is assumed, substituting equation (2.87) into (2.90), (the exact 

derivation can be found in the literature
38b

) one obtains: 

  ( )  
∑    

    ( ) 
 

∑    [    ( )    ] 
 

 
(2.96) 
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where both i and j are window numbers, and Ni is the number of counts in the histogram of 

window i, associated with a particular value of z. Also,    can be calculated by: 

      ∫  ( )      ( )   
(2.97) 

Because   ( ) and    are interdependent, as equations (2.96) and (2.97) show, the minimization 

process to reduce the noise has to be done numerically in a self-consistent way until a 

convegence criterion is reached. The alignment of the individual free energy curves to get the 

overall PMF of a reaction is schematically shown in Figure 2.4. In this thesis, the one-

dimensional WHAM code written by Prof. T. Allan (2003) was used. 

 

Figure 2.4 The alignment of free energy curves from all the windows to get the global free 

energy of a reaction by WHAM. 
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Chapter Three: Adsorption of Cyclic C6H6, C6H8, C6H10 and C6H12 on the (0001) surface of 

α-Mo2C 

3.1 Introduction  

It has been reported since the 1970s that transition metal carbides (TMC) have similar 

behavior to noble metals such as Pt in surface catalytic reactions. Examples are the formation of 

water from hydrogen and oxygen at room temperature, the reduction of tungsten trioxide by 

hydrogen in the presence of water, and the isomerization of 2,2-dimethylpropane to 2-

methylbutane.
1
 Later they were found to have high catalytic activity in a series of heterogeneous 

catalytic reactions like benzene hydrogenation,
2
 n-butane hydrogenolysis,

3
 ammonia synthesis

4
 

and hydrodehalogenation.
5
 It is thus believed that they have the potential to become cheap 

substitutes for the noble metals in heterogeneous catalysis. In particular, molybdenum carbide 

has been an active catalyst in hydrodesulfurization,
6
 hydrodenitrogenation,

7
 and hydrogenation

8
. 

In Canada, for example, molybdenum carbide has been developed for the hydrogenation of 

softened oil sands underground at low temperature, pressure and hydrogen flow. Ultra-dispersed 

α-Mo2C particles, which are of nano
9
 or micro

10
 meter dimensions, showed excellent catalytic 

activity for the hydrogenation of toluene at 200 
o
C and 400 psi of H2 pressure.

11
 Molybdenum 

carbide with a Mo:C ratio of 2:1 has two phases, orthorhombic and hexagonal. In this work, we 

follow the early definition of Christensen
12

 to call orthorhombic Mo2C the α phase, and 

hexagonal Mo2C the β phase. We will call the (100) surface of α-Mo2C the (0001) surface, 

because of its well-known equivalence to the (0001) surface of β-Mo2C. 

Although molybdenum carbide has been used experimentally for the hydrogenation of 

aromatics for almost 30 years, fundamental knowledge about these reactions is still very limited. 

The benzene hydrogenation reaction on metallic surfaces follows the Horiuti-Polanyi mechanism, 
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with the addition of pre-adsorbed and dissociated hydrogen sequentially to the benzene ring.
13

 

Recent DFT studies with a Pt22 cluster also suggest that benzene hydrogenation on Pt follows 

such a scheme.
14

 However, there is still considerable debate as to the nature of surface 

intermediates.
15

 Benzene is a relatively large molecule with six hydrogenation sites, with many 

possible mechanisms for hydrogenation. Therefore, it is hard to explore all the reaction paths. In 

consideration of the large number of possible intermediates, determining the main reaction path 

is the key to the theoretical study of benzene hydrogenation. 

Saeys and Neurock et al.
14b

 suggested that in the dominant benzene hydrogenation 

reaction path on the Pt (111) surface, hydrogen adds in the 1 and 3 positions. Despite the 

similarity of the density of states (DOS) at the Fermi level of molybdenum carbide and the Pt 

group metals, the reaction path and intermediates of benzene hydrogenation on Mo2C might be 

completely different. Earlier periodic DFT work shows about -3.9 to -5.5 eV benzene adsorption 

energy on α-Mo2C, depending on the surface. Since this adsorption energy is much larger than 

that of H2,
16

 they thus proposed an Eley-Rideal mechanism: the pre-adsorbed H2 molecule 

reacting with benzene coming from the gas phase, and the emptied Mo2C surface being gradually 

blocked by strong benzene adsorption, causing the loss of activity.
17

  In our previous work
18

, the 

adsorption of benzene on the (0001) surface of α-Mo2C was studied systematically. Two hollow 

sites, Hc and Vc, were found to be the most stable adsorption sites for benzene, both with an 

adsorption energy of -2.5 eV (ABINIT) or -2.2 eV (VASP) (no dispersion correction, for reasons 

of comparison). This study strongly questioned the previously proposed Eley-Rideal mechanism 

for benzene hydrogenation on the Mo2C catalyst. A Temperature Programmed Reduction–Mass 

Spectroscopy (TPR-MS) study
2
 showed cyclohexene (C6H10) signals besides those for C6H6, the 

reactant, and C6H12, the product. It was thus suggested that C6H10 might be an intermediate. 



 

56 

Meanwhile, a strong and broad CH4 peak was observed and was attributed to the decomposition 

of the reaction intermediates during the heating up for TPR, suggesting the existence of unstable 

intermediates. Based on the above experiment, one can further hypothesize that cyclohexadiene 

(C6H8) or its radical isomer, although not found in the TPR, could also be an intermediate. If they 

are very unstable and are further hydrogenated or decomposed before desorbing, then the lack of 

a C6H8 signal could be explained. 

In a very recent paper
19

 Rocha et al. investigated the possibility of hydrogen occlusion 

by molybdenum carbide and they reaffirmed their conclusion that an Eley-Rideal mechanism is 

operative and that deactivation is caused by the strong adsorption of benzene.  In Section 3.4 we 

provide strong arguments that this conclusion is erroneous and that the deactivation is caused by 

the formation of coke, coming from the decomposition of intermediates such as C6H8.  

The present work aims to elucidate the interactions of the reactant, the product, and all 

the different isomers of partially hydrogenated benzene molecules/biradicals on the α-Mo2C 

(0001) surface to gain useful information about the main reaction path of benzene hydrogenation 

on molybdenum carbide. This surface was chosen because it is the most condensed surface of α-

Mo2C. Also, it most closely resembles the (111) surface of Pt group metals, which are believed 

to be the surfaces that give maximum electronic stabilization.
20

 In order to take the nano nature 

of the α-Mo2C catalyst into consideration, a cluster model was used in this work. Periodic 

calculations cannot reflect the finite size effects of the catalysts, which can be smaller than 2.7 

nm
21

. There are two (0001) surfaces on α-Mo2C, Mo-terminated and C-terminated. Only the 

former was considered in this study for two reasons. First, Mo-terminated surfaces are believed 

to be more active than C-terminated surfaces.
22

 Second, the strong reducing environment of the 
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hydrogenation reaction would likely reduce the surface C atoms of the C-terminated surface, 

leading to the Mo-terminated surfaces. 

3.2 Computational methods  

The calculations were performed using the linear combination of gaussian-type orbital 

Kohn-Sham density functional theory (LCGTO-KS-DFT) package deMon2k.
23

 Exchange-

correlation effects were treated with the generalized gradient approximation (GGA) with the 

Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional. Double-zeta valence polarized 

basis sets (DZVP) were used for all the atoms except Mo, for which relativistic model core 

potentials (RMCP)
24 

were used. For the fitting of the density, Gen-A2 auxiliary sets
25

 were used. 

For the numerical integration of the exchange-correlation potential matrix, an adaptive grid with 

a tolerance of 10
-5

 was used. All calculations were performed in the restricted Kohn-Sham (RKS) 

framework with multiplicity=1. No symmetry constraint was applied in any of the calculations. 

The basis set superposition error (BSSE) was corrected using the counterpoise method. Because 

of the inaccuracy of the auxiliary fitting DFT approach in BSSE evaluation (for details, see 

Appendix B), the Kohn-Sham density, instead of the auxiliary function density was used for the 

calculation of the exchange-correlation energy and matrix elements of the exchange-correlation 

potential in the BSSE calculations. This was accomplished by changing options for the keyword 

VXCTYPE from VXCTYPE AUXIS PBE to VXCTYPE BASIS PBE.  

The (0001) surface of the α-Mo2C nano-particles was modeled by the cluster Mo38C19 

(Figure 3.1), which consists of two layers of Mo atoms and two layers of C atoms. The 4d 

orbitals of the second layer Mo atoms make a substantial contribution to the local surface states 

of the Mo2C (0001) surface.
26

 The length of the surface plane is 1.2 nm. The criterion for cutting 

the cluster was set such that all the Mo atoms that interact with benzene directly are completely 
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saturated by surrounding atoms. This could greatly decrease the cluster size effect, because the 

main effect of varying the cluster size is to vary the environment (ligands) of the metal atoms to 

which the adsorbate bonds.
21

 Low coordinated C atoms were also included in the cluster to 

maintain the stoichiometry of the catalyst. The coordinates of the cluster were taken directly 

from the bulk.
12

  

 

Figure 3.1 Top and side views of the Mo38C19 cluster; the blue balls are Mo atoms and the 

smaller grey balls are C atoms. The atoms to be relaxed are marked with gold circles. 

Our previous periodic calculations showed that benzene retains a flat geometry on the 

Mo2C surface, which allows maximum bonding interactions between the surface and 

adsorbates.
18

 With the C6 ring parallel to the surface, the adsorbed molecule would have 

maximum orbital overlap with the Mo2C energy bands. Therefore, in the present work, only flat 

geometries were used as starting geometries. For simplicity, the hydrogenated adsorbates were 
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labeled according to the relative position of the hydrogen atoms added to benzene. For instance, 

12-C6H8 means two hydrogen atoms were added to benzene at the 1 and 2 positions. There are 

three 3-fold hollow sites on the α-Mo2C surface, labeled Hm, Hc and Vc, following the 

nomenclature of the literature.
16

 Besides these, there are a top site and two different bridge sites, 

which are labeled bri-Hm-Hc and bri-Hm-Vc, representing the bridge sites between two hollow 

sites. In addition, due to distortion of the hexagonal symmetry in α-Mo2C, rotation of the 

benzene ring parallel to the surface plane by 30, 60, 120, degrees generates another set of 

adsorption modes, depending on the symmetry of the molecule. The distances between the 

carbon ring of the adsorbates and the surface were set to between 2.6 and 2.8 Å. The pre-

optimized molecules/biradicals were placed and rotated on the surface using the Avogadro 

software.
27

   

The surface stabilities of the molecules were evaluated in terms of the stabilization 

energy, with the energy of the clean cluster, gas-phase benzene and gas-phase H2 as the reference 

(Equation 3.1). The stabilization energy covers the costs of forming the adsorbate from benzene 

and hydrogen molecules followed by adsorption on the surface. It takes into account the energy 

of the adsorbate-cluster pair and the energy of formation of the adsorbate. The less negative the 

stabilization energy, the less stable is the molecule on the surface. This is a simple method for 

comparing the relative stabilities of the various C6Hx species on the surface. The binding affinity 

of the molecules with the surface was evaluated by the traditional adsorption energies, using the 

clean cluster and gas phase C6Hx energy as the reference (Equation 3.2). Some starting 

geometries may end up with similar structure and total energies. In these cases, only the most 

favorable ones in terms of adsorption energy were considered. 
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Benzene hydrogenation may involve many different intermediates in different 

chemical environments. In terms of the benzene hydrogenation reaction on the Mo2C surface, we 

assume that the C6 ring is not broken. This assumption has proven to be valid in other similar 

systems.
14

 Two sets of calculations were made. (1) All atoms in the clusters were kept frozen at 

the bulk geometry while optimizing the geometry of the adsorbed molecule above the surface. 

This approximation was made because, according to our previous periodic calculations
18

, the 

relaxation effects of the surface were not significant, with the distance between the first Mo layer 

and C layer decreasing only slightly compared to the distance in the bulk. (2) 7 Mo atoms and 5 

C atoms in the central part of the surface, which are most likely to be involved in the local 

adsorption phenomenon, were allowed to relax. For dispersion corrections, we used the method 

of Goursot et al.,
28

 which is implemented in deMon2k. 

3.3 Results 

In order to validate the method, test calculations were performed using different 

exchange-correlation functionals and basis sets (including effective core potentials). We classify 

the various approaches of DFT in terms of exchange-correlation functionals: the local spin 

density approximation (LSDA), the generalized gradient approximation (GGA), meta-GGA 

functionals (meta-GGA). For LSDA, the Dirac exchange with local Vosko, Wilk and Nusair 

(VWN
29

) correlation was used. Among the GGA functionals, the original Perdew, Burke and 

Ernzerhof (PBE
30

) GGA exchange and correlation from 1996 was used. The meta-GGA used 

was the Tao, Perdew, Staroverov, Scuseria (TPSS
31

) exchange and correlation functional. Hybrid 
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functionals were not used, because the presence of Hartree-Fock exchange is not optimal for 

metallic systems. They do not usually behave as well as the GGA in transition metal cluster 

calculations.
32

 The diatomic system MoC is chosen because it represents not only the interaction 

of Mo and C in the cluster, but also the interaction of C atoms of the adsorbates with the Mo 

atoms of the cluster. A 
3
Σ

-
 state was used as the ground state of MoC, as suggested by the 

literature.
33

 

Table 3.1. Calculated equilibrium distances (Re) and dissociation energies (De) of MoC. The 

available experimental values are included for comparison. 

 VWN PBE TPSS 

 Re (Å) De (eV) Re (Å) De (eV) Re (Å) De (eV) 

DZVP 1.67 6.43 1.68 5.33 1.68 5.14 

ECP 1.67 6.49 1.69 5.48 1.67 5.01 

QECP 
b
 1.67 6.24 1.68 5.21 1.68 4.75 

MCP 1.64 5.94 1.66 5.03 1.67 4.63 

RMCP 1.64 5.67 1.67 4.73(4.65)
a
 1.67 4.35 

RMCP_DISP   1.66 4.79(4.76)
a
   

Exp. 1.687
33

 4.95±0.16
34

     

  5.01±0.13
35

     

 

a 
The numbers in parentheses are the dissociation energies after correction for the basis set 

superposition error (BSSE). 

b 
Quasi-relativistic effective core potential from Stuttgart-Dresden.  



 

62 

All the functionals give similar equilibrium bond distances. They all reproduce the 

experimental values
33

 quite well. However, as is well known the VWN functional tends to over-

estimate the dissociation energy by about 1.5 eV. This can be ascribed to the limitations of the 

local formulation of exchange and correlation. Both PBE and TPSS energies are close to the 

experimental values. Since the GGA is usually several times faster than meta-GGA, all the 

calculations in this work used the GGA-PBE functional. The correction for relativistic effects 

seems not to play a significant role in either the dissociation energy or the equilibrium bond 

distances in the case of MoC. As Table 3.1 shows, ECP
36

, MCP
24

, and all-electron calculations 

with DZVP gave the same quality of results with quasi-relativistic effective core potential 

(QECP
36

) and RMCP
24

. However, in case non-relativistic errors accumulate, RMCP are used for 

all the Mo atoms in the calculations. Both of these core potentials take into account the scalar 

relativistic effects, including the mass-velocity and Darwin terms. However, RMCP runs a little 

faster than QECP, because it uses 12 non-frozen electrons, while QECP uses 14. Earlier periodic 

calculations
18

 indicated that the dispersion interaction could be very important for the binding 

energy of benzene on the α-Mo2C surface. Here we also tested the effect of dispersion on the Re 

and De of MoC. The empirical C6 coefficients are from the universal force field (UFF).
37

 

Dispersion interaction improved (increased) the De by about 0.09 eV.  There is only a small 

effect of dispersion (0.01 Å) on the bond length.  However, dispersion energy could be 

indispensable for long-range surface interactions.
38

 The basis set superposition error (BSSE) of 

0.03 eV (0.6%) was not significant and can be neglected.  This is due to the elimination of core-

like electrons by using model core potentials.
39
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3.3.1 C6H6 adsorption 

Although hollow sites are found to be preferred, as in the periodic calculations, instead 

of showing possible bridge-site adsorption, our cluster calculations identified three hollow sites 

Hm, Hc and Vc as the only stable sites. This phenomenon is consistent for both fixed clusters 

and relaxed clusters, with or without dispersion corrections. To exclude the effects of cluster size 

and basis sets, we also used a smaller Mo28C14 4-layer cluster and repeated these calculations 

with both DZVP all-electron basis sets and DZVP plus QECP for Mo, and found the same 

adsorption modes (results not shown). Benzene adopts such a rotation that the C-C bond in 

benzene and the Mo-Mo bond on the surface formed an angle of 30º. The preference for 30-

degree orientations was consistent for all adsorption sites. The relaxation of the surface does not 

change the adsorption mode of the molecule (Figure 3.2). Such adsorption geometries allow the 

overlapping of three C atoms on the benzene ring with three Mo atoms on the surface, forming 

C-Mo “σ-bonds”. Here, and in the rest of this paper, we define a C-Mo "σ" bond such that the C-

Mo distance is equal to or shorter than 2.25 Å. 
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Figure 3.2 Comparison of the stable adsorption modes of benzene on Hm, Vc and Hc sites 

with 30 degree orientation. Only the Mo atoms (blue balls) that are interacting with the C 

atoms (grey balls) of benzene molecule are shown. The small white balls are hydrogens. 

This surface bonding interaction (Figure 3.3) is very different from that of benzene on 

Pt (111).
40

 On the Pt (111) surface as reported by Saeys et al.
40a

, the two stable adsorption modes 

interact with the surface both by “di-σ-bonds” and π-bonds. This difference in adsorption modes 

suggests that the benzene hydrogenation mechanism on α-Mo2C (0001) and Pt (111) are different. 

 

Figure 3.3 Comparison of the benzene adsorption mode on α-Mo2C (0001) (c) with the 

benzene adsorption modes on Pt (111) surface reported by Saeys et al. 
34a

: a) bridge site 

and b) hollow site. 
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Table 3.2. Calculated adsorption energy Ead (eV) of benzene using different methods. 

 Hm Vc Hc 

Mo38C19_fix -3.06 -2.87 -2.78 

Mo38C19_relax -2.01 -2.39 -1.94 

Mo38C19_relax_disp -2.35 -3.17 -2.52 

Mo38C19_relax_disp_BSSE -1.86 -2.65 -2.15 

VASP-PAW 
a
 -2.03(-3.33)

a
 -2.22(-3.51)

a
 -2.15(-3.44)

a
 

 

a 
Reference

18
. The numbers in parentheses are the adsorption energies after empirical dispersion 

correction. 

Table 3.2 shows that relaxation of the Mo38C19 cluster weakened the surface binding. 

This may be because the (0001) clean surface of Mo38C19 at the bulk geometry is not very stable, 

and underwent significant relaxation even without adsorbates. It also implies that surface 

relaxation effects are important for modeling α-Mo2C with cluster models, which is also shown 

by the change of the Ead ranking from Hm <Vc<Hc to Vc<Hm<Hc after relaxation. Dispersion 

correction largely maintained the ranking, but strengthened the binding affinity by 0.3-0.8 eV, 

depending on the adsorption sites.  Using the counterpoise (CP) method, the BSSE amounted to 

up to 20% of the uncorrected adsorption energy. It was found that most of the BSSE in these 

large cluster calculations comes from the ghost orbitals of the benzene part. This could be 

explained by the reduction of Mo core electrons. BSSE correction using the counterpoise method 

has been a common practice in calculating the binding energy/adsorption energies; however, it is 

still under considerable debate whether the CP corrected energies are systematically better than 

uncorrected ones.
41

 One reason is that instead of occupying all the ghost orbitals of the partner, 
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the electrons in one fragment have access only to the virtual orbitals of the other fragment so 

there tends to be an overcorrection.
41

 Taking CP corrected BSSE into consideration, Vc is the 

preferred adsorption site, followed by Hc and Hm. This trend is in agreement with the ABINIT 

and VASP calculations.
18

 The adsorption energy difference between these methods may come 

from a few sources, including the method of dispersion correction, the cluster size effect, the 

constraining of the boundary of the clusters, and the “overcorrection” problem discussed above. 

This difference however, does not affect our conclusion on the nano-scale system.  

The adsorption energy depends on a variety of factors, including the energy change 

due to cluster-adsorbate interactions, the energy change of deformation of the adsorbate, and the 

energy change of the cluster surface distortion upon adsorption. The overall energy change 

results from the confluence of these factors.  To assess the contribution of these three factors, we 

decomposed the dispersion corrected energy in Table 3.3. Benzene distortion seems to have the 

highest energy cost, more than the cluster distortion, especially in the case of the Vc site. This 

can be explained by the pre-relaxation of the cluster surface from the bulk structure before 

adsorption. The Hm site has the strongest binding energy; however, it spends more energy in 

preparing the surface for benzene adsorption, therefore leading to the lowest adsorption energy. 

The advantage of the Vc site, however, comes from the lower energy cost of preparing the 

surface for benzene binding. 
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Table 3.3. Decomposition of the adsorption energy Ead (eV) of benzene on the stable surface 

sites. 

 Hm Vc Hc 

Mo38C19 distortion 
a
 1.30 0.46 1.00 

benzene distortion 
b
 1.78 1.22 1.30 

binding energy 
c
 -5.43 -4.85 -4.82 

BSSE 0.50 0.52 0.37 

adsorption energy -1.86 -2.65 -2.15 

a 
Ecluster

ad
 – Ecluster

opt
, where Ecluster

ad
 and Ecluster

opt
 mean the energy of the cluster at the adsorption 

geometry and the gas phase optimized geometry, respectively. 

b 
Ebenzene

ad
 – Ebenzene

opt
, where Ebenzene

ad
 and Ebenzene

opt
 mean the energy of benzene at the 

adsorption geometry and the gas phase optimized geometry, respectively. 

c 
Ebenzene(cluster)

ad
 – Ecluster

ad 
– Ebenzene

ad
, where Ebenzene(cluster)

ad
 means the energy of the benzene-

cluster pair at the adsorption geometry, and the other two terms have the same meaning as 

defined above.  

The aromaticity of the adsorbed benzene is of special interest due to its relation to the 

strength of the benzene-cluster interaction. Greater overlap of benzene with the cluster is 

signaled by an extension of the carbon-carbon bond length and distortion with respect to the 

original planarity of the ring. According to the frontier orbital theory, the HOMO and LUMO 

orbitals determine the chemical reactivity of a molecule. Interestingly, when the HOMO-LUMO 

gap of adsorbed benzene on α-Mo2C (0001) is compared to that for the Pt (111) surface in the 

literature,
42

 one can immediately see that the HOMO-LUMO gaps of benzene on Hm, Vc and Hc 

site are all very close to that of the two most favorable adsorption sites on Pt (111): Bri-30 and 
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Bri-0, and are much smaller than the gaps of the other sites on Pt (111). Compared to the average 

C-C bond distance of benzene in the gas phase, the adsorption on α-Mo2C (0001) extended it by 

about 0.05 Å, similar to Pt (111). The geometries of the adsorbed benzene and the HOMO-

LUMO gaps are listed in Table 3.4. The matching of the HOMO-LUMO gap and the C-C bond 

extension indicate that although having a different binding mode, α-Mo2C (0001) could 

destabilize the benzene molecule as much as Pt (111) does. This is in agreement with the fact 

that Mo2C is as active as Pt or Ru in benzene hydrogenation reactions, and has “noble-metal-like 

behavior”
2
.  

Table 3.4. The geometries and the HOMO-LUMO gap of benzene on Hm, Vc and Hc sites. 

 Hm Vc Hc Gas 

phase 

Bri-30 

Pt(111) 
a
 

Hcp-0 

Pt(111) 
a
 

Bonding mode tri-σ tri-σ tri-σ  π/di-σ di-σ 

dC-C (Å) 1.46 1.45 1.45 1.40 1.45 1.45 

αCH/CCC (°) 22 21 20  26 19 

dC-M (Å) 2.13 2.17 2.20  2.18 2.22 

HOMO-LUMO (eV) 3.88 4.26 4.06  3.9-4.1
b
 3.9-4.1

b
 

a
 Reference

40b
 

b
 Reference

42
 

The planarity of benzene is broken as it interacts with the cluster surface. The molecule 

then adopts a conformation that maximizes overlap with the molybdenum atoms, but at the same 

time minimizes the effect of back-donation into the orbitals of the adsorbed species. The 

adsorption energy, therefore, results from a combination of the stabilization effects of surface-

substrate interactions and destabilization effects attributed to deformation of the adsorbed species. 
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This is shown by the angle of the CH bond and the CCC plane of the benzene ring upon 

adsorption, showing rehybridization of the C atoms from sp
2
 to sp

3
. The average H tilt angle is 

about 20 degrees, which is in agreement with the periodic calculations.
18

 

3.3.2 C6H8 adsorption 

If we only consider C6H8 in terms of di-hydrogenated benzene, it has three hexacyclic 

isomers some of which are biradicals: 12-C6H8, 13-C6H8 and 14-C6H8, representing the relative 

position of the two additional hydrogen atoms added to benzene. 12-C6H8 is a closed-shell 

system, but 13-C6H8 and 14-C6H8 are both biradicals.
43

 Because this study seeks to elucidate the 

connection between optimized geometries and possible intermediates in the hydrogenation of 

benzene, those cases where the hydrogen on the substrate dissociates, are ignored. Only those 

conformations demonstrating considerable overlap with the surface and retaining a significant 

resemblance to the starting geometry were considered.  
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Figure 3.4 Top and side view of the adsorption geometries of 12-C6H8, 13-C6H8 and 14-

C6H8 on different sites, calculated with the fixed cluster. 

The fixed cluster calculations show that of all the isomers of cyclohexadiene, all of the 

optimized geometries retain an approximately flat geometry on the surface, similar to benzene 

(Figure 3.4). They each adopted a 30º orientation with respect to the Mo-Mo bonds of the cluster. 

The only two exceptions, 12-HC-0 and 13-bri-HM-VC, however, have significantly lower 

stabilization energies. Relaxation of the surface led to the disappearance of 12-Hc-0, and shows 

three hollow sites with 30º orientation as the only stable sites for 12-C6H8. This is consistent with 

previous studies, which found such geometries to be the most stable conformations for benzene. 
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Surface relaxation also enabled 13-C6H8 to have more stable adsorption configurations than fixed 

cluster calculations (Figure 3.5).  

 

Figure 3.5 Top and side view of the adsorption geometries of 12-C6H8, 13-C6H8 and 14-

C6H8 on different sites, calculated with the surface-relaxed cluster. 

It is worth mentioning here that there is another isomer of C6H8, formally referred to as 

1, 2-dicyclohexene
43

. This isomer, however, is not likely to be the intermediate of benzene 
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hydrogenation on the solid surface, because it involves the transfer of an H atom to the para site. 

Therefore, it was not considered in our work. 

Of particular interest in this study was the elucidation of any preferences for certain 

geometries in the optimized adsorbate-cluster pairs. Trends in the stabilization energy (Estab) can 

help explain the most stable bonding arrangements and in doing so, serve as criteria for 

measuring the favorability of one isomer versus another. Table 3.5 shows that using fixed cluster 

calculations; 12-C6H8 is the most stable one, while 14-C6H8 follows with an energy difference of 

0.2 eV for Estab. 13-C6H8, although having high binding affinity, showing two or three σ-bonds 

with the surface, has quite low stabilization energy. This is due to the high energy cost of 

formation of this isomer, which is a triplet in the gas phase according to our calculations. 

However, when the surface is relaxed, 13-C6H8 adsorption on the top site becomes the most 

favorable configuration. Although no C-Mo distances are within the definition of our “σ-bond”, 

they all fall into the range of 2.27-2.85 Å, only, slightly longer than the “σ-bond” criterion. It 

shows comparable Estab to 12-C6H8 on the Vc30 site, with the difference as small as 0.03 eV. To 

take this comparison further, we added the dispersion correction to the most favorable 

configurations of all three C6H8 isomers.  As expected, the dispersion correction did not change 

the ranking, but only slightly increased the Estab difference between 12-C6H8 and 13-C6H8 to 0.07 

eV. The latter isomer, which is the suggested intermediate for the hydrogenation of benzene on 

Pt, seems a little less stable on the α-Mo2C (0001) surface
14b

 than on Pt. However, our 

calculation shows that 12-C6H8 and 13-C6H8 have comparable surface stabilities in terms of 

enthalpy, but 12-C6H8 is slightly more favorable.  
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Table 3.5. Calculated stabilization energy and adsorption energy of the stable 

configurations of C6H8. The energy values not in parentheses are calculated with fixed 

clusters. 

adsorbate converged 

geometry 

# of C-Mo σ 

bonds 
a
 

Estab (eV) Ead (eV) 

12-C6H8   

(surface-fixed) 

12-Hm-30 3 -2.74 -3.04 

12-Hc-0 1 -2.02 -2.31 

12-Hc-30 3 -2.73 -3.02 

12-Vc-30 3 -2.82
 
 -3.11

 
 

12-C6H8   

(surface-

relaxed) 

12-Hm-30 1 -2.11 (-2.75)
b
 -2.40 (-3.01)

b
 

12-Hc-30 2 -1.93 (-2.70)
b
 -2.22 (-2.96)

b
 

12-Vc-30 2 -2.29 (-2.98)
b
 -2.57 (-3.24)

b
(-2.68)

c
 

13-C6H8 

(surface-fixed) 

13-Hc-30 3 -2.34 -4.73 

13-bri-Hm-Vc 2 -2.04 -4.43 

13-Hm-30 3 -1.96
 
 -4.35

 
 

13-C6H8 

(surface-

relaxed) 

13-Hc-30 2 -1.32 (-2.00)
b
 -3.71 (-4.43)

b
 

13-bri-Hm-Vc-30 3 -1.30 (-2.03)
b
 -3.69 (-4.39)

b
 

13-Hm-30 1 -1.70 (-2.47)
b
 -4.09 (-4.83)

b
 

13-Vc-30 2 -1.90 (-2.53)
b
 -4.29 (-4.89)

b
 

13-Top-0 0 -2.26 (-2.91)
b
 -5.26(-5.26)

b
(-4.79)

c
 

14-C6H8 

(surface-fixed) 

14-Hm-30 3 -2.64 -2.90 

14-Vc-30 3 -2.52 -2.78 

Table continued on the next page 
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adsorbate converged 

geometry 

# of C-Mo σ 

bonds 
a
 

Estab (eV) Ead (eV) 

14-C6H8 

(surface-

relaxed) 

14-Hm-30 2 -2.03 (-2.91)
b
 -2.30(-3.14)

b 
(-2.48)

c
 

14-Vc-30 3 -2.07 (-2.76)
b
 -2.34(-3.03)

b
 (-2.52)

c
 

a
 We define a "σ" bond such that the C-Mo distance is equal or shorter than 2.25 Å  

b 
Calculated with relaxed cluster with dispersion correction. 

c 
Calculated with relaxed cluster after both dispersion and BSSE correction. 

3.3.3 C6H10 adsorption 

The tetrahydrobenzene calculations were far less straightforward, as a large number of 

calculations resulted in dissociated and/or highly distorted structures. As such, less concrete 

conclusions were drawn. However, it was noted that those structures from which hydrogen 

dissociated tended to be less distorted than those that remained intact. Those distorted structures 

had far less contact with the surface; they were often almost perpendicular to it. This finding was 

thought to be an illustration of the inherent weak binding affinity of the tetrahydrobenzene 

intermediate with the cluster. Interaction of this adsorbate with the surface often caused its 

structure to dissociate. The large variance in the extent of distortion is a possible explanation for 

the variance in adsorption energies.  
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Figure 3.6 Top and side view of the stable adsorption geometries of the isomers of C6H10 on 

different sites of the fixed surface. 
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Figure 3.7 Top and side view of the stable adsorption geometries of the isomers of C6H10 on 

different sites of the relaxed surface. 
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Table 3.6 Calculated adsorption energy and stable configurations of C6H10. 

molecule converged geometry # of C-Mo 

σ bonds
a
 

Estab (eV) Ead (eV) 

1234-C6H10 

(surface-

fixed) 

1234-Hc-60 1 -2.68 -1.55 

1234-Vc-60 1 -2.62 -1.49
 
 

1234-bri-Hm-Vc 1 -2.96 -1.84 

1234-C6H10 

(surface-

relaxed) 

1234-Hm-30 1 -2.57 (-3.27)
b
 -1.45 (-2.06)

b
(-1.75)

c
 

1234-Vc-30 1 -2.60 (-3.26)
b
 -1.48(-2.04)

b
 (-1.70)

c
 

1234-bri-Hm-Vc 1 -2.43 (-3.07)
b
 -1.31 (-1.86)

b
 

1235-C6H10 

(surface-

relaxed) 

1235-Top-0 0 -2.25 (-2.94)
b
 -3.96(-4.65)

b 
(-4.38)

c
 

1235-Hm-30 1 -1.87 (-2.83)
b
 -3.58 (-4.46)

b
 

1235-Vc-30 1 -2.19 (-2.91)
b
 -3.90 (-4.54)

b
 

1235-bri-Hm-Hc-0 1 -1.90 (-2.59)
b
 -3.61 (-4.22)

b
 

1245-C6H10 

(surface-

fixed) 

1245-Hm-120 0 -3.34 -2.49 

1245-bri-Hm-Vc 0 -2.75 -2.95 

1245-Hm-60 0 -3.14 -3.01 

1245-Vc-60 1 -3.31 -0.67 

1245-Vc-0 1 -3.84 -2.40 

1245-C6H10 

(surface-

relaxed) 

1245-Top-0 0 -0.83 (-1.38)
 b

 -2.55(-3.10)
b 

(-2.67)
c
 

1245-Top-30 0 -0.64 (-1.20)
b
 -2.36 (-2.84)

b
 

 

a
 We define a "σ" bond such that the C-Mo distance is equal to or shorter than 2.25 Å  
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b 
Calculated with relaxed cluster with dispersion correction. 

c 
Calculated with relaxed cluster after dispersion and BSSE correction. 

As shown in Figures 3.6 and 3.7, cyclohexene started to tilt up on the surface for both 

fixed and relaxed surfaces. The molecule interacts with the surface by only one or two carbon 

atoms and a few hydrogen atoms. Relaxation effects also play an important role for tetra-

hydrogenated benzene. As Table 3.6 shows, with the fixed cluster, 1245-C6H10 was found to be 

most stable with Estab of -3.84 eV, followed by 1234-C6H10 (-2.68 eV). 1235-C6H10 was found to 

be unstable on the surface, leading to dissociation of H atoms. However, with the relaxed cluster, 

1234-C6H10 was the most stable surface species among its peers, followed by 1235-C6H10, with 

five stable adsorption configurations, and 1245-C6H10 was found to be the least stable one. 

Dispersion correction maintained this trend. This phenomenon shows that surface geometric 

constraints may greatly affect the relative stability of the C6H10 species, and thus the reaction 

mechanism. Therefore, the temperature or supporting materials that can affect the surface 

geometries of ultra-dispersed Mo2C catalysts may also affect the reaction mechanism. The 1234-

Vc-30 binding configuration of the adsorbed 1234-C6H10 molecule shows a very interesting “di-

σ” interaction. Measuring the distance between the carbon atoms of the CH-CH section to the 

Mo atom beneath, we found them to be very close, 2.24 Å and 2.41 Å, respectively. The other 

more stable binding configuration 1234-Hm-30 shows the same interaction modes, with similar 

distances of 2.20 and 2.35 Å, respectively. This is in excellent agreement with the fact that the 

cyclohexene molecule shows no spectral features attributable to the presence of a C=C bond in 

the high-resolution electron energy loss spectroscopy (HREELS).
44
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3.3.4 C6H12 adsorption 

Experimentally, cyclohexane was found to easily desorb from the catalyst surface.
2, 15a

 

Indeed, our calculations show that the adsorption energy of cyclohexane is very small compared 

to the other molecules. The adsorption geometries in Figures 3.8 and 3.9 also show that 

cyclohexane interacts with the surface only by long-range interactions. No C-Mo ‘σ-bond’ was 

found for any of the stable adsorbed geometries. This suggests that it binds very loosely to the 

surface. Van der Waals interactions may therefore play an important role for the adsorption of 

C6H12. Indeed, for the adsorption at the bri-Hm-Hc site, our dispersion correction was found to 

be 0.73 eV, and is significantly larger than the adsorption energy of 0.17 eV itself (See Table 

3.7). A similar observation was made for another more stable configuration bri-Hm-Vc site. 

However, the stabilization energy (Estab) shows that it is more stable than C6H10 and C6H8. Due 

to the weak interaction, we may not be able to find all the possible surface configurations of 

C6H12, but bri-Hm-Vc and bri-Hm-Hc should be able to represent the general binding mode of 

this molecule. 
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Figure 3.8 The top and side view of adsorption of cyclohexane on the fixed surface 

 

Figure 3.9 The top and side view of adsorption of cyclohexane on relaxed surface 
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Table 3.7. Calculated adsorption energy and stable configurations of C6H12 

molecule converged 

geometry 

Shortest 

dC-Mo (Å) 

Estab (eV) Ead (eV) 

C6H12 

(surface-

fixed) 

bri-Hm-Hc-0 3.16 -3.10 -0.55 

Vc-0 2.92 -2.90 -0.36 

Hc-0 2.97 -2.83 -0.29 

bri-Hm-Hc-30 2.98 -2.92 -0.38 

bri-Hm-Vc-0 2.87 -2.83 -0.29 

Hm-0 3.05 -2.89 -0.35 

C6H12 

(surface-

relaxed) 

bri-Hm-Hc 2.73 -2.71(-3.34)
 a
 -0.17

 
(-0.90)

a
 (-0.61)

b
 

Hm-0 2.80 (-3.17)
a
 (-0.73)

a
 

Vc-0 2.72 (-3.25)
a
 (-0.82)

a
 

Hm-30 2.67 (-3.37)
a
 (-0.94)

a
 

bri-Hm-Vc-15 2.77 (-3.39)
a
 (-0.96)

a
 

bri-Hm-Vc-0 2.68 (-3.44)
a
 -0.27 (-1.01)

a
(-0.81)

b
 

 

a 
Calculated with relaxed cluster with dispersion correction 

b 
Calculated with relaxed cluster after dispersion and BSSE correction. 

3.4 Discussion 

Clearly, there is a decreasing trend for the number of C-Mo σ-bonds from C6H6 to 

C6H8, C6H10 and C6H12. This can be explained by the decrease of the number of π electrons of 

the adsorbates. These electrons are responsible for the electron donation from the adsorbate to 
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the Mo2C cluster. The trend for the number of σ-bonds and the binding affinity of the adsorbates 

is strong evidence for the hypothesis that molybdenum-substrate σ-bonding is one of the most 

significant factors in the overall stability of the adsorbed species. The adsorption of C6H6 

happens predominantly on the three-fold hollow sites of the surface, forming three σ-bonds with 

the Mo atoms on the surface. C6H8 generally retains the same adsorption modes, except for 13-

C6H8, which prefers top site adsorption. C6H10 and C6H12, which have more hydrogen atoms, do 

not follow such geometries. Our calculations show that 1, 2-C6H8 and 1, 2, 3, 4-C6H10 are the 

most stable isomers on the (0001) surface of α-Mo2C if the surface is allowed to relax. They are 

most likely the intermediates of the benzene hydrogenation reaction. A reaction path based on 

the thermodynamics data can be proposed as shown in Figure 3.10 

 

Figure 3.10 Proposed benzene hydrogenation reaction path on α-Mo2C 



 

83 

 

Figure 3.11 Estab and Ead of the most favorable isomer of adsorbed C6Hx (x=6, 8, 10, 12) 

evaluated by the stabilization energy with relaxed cluster models. Those with “_Disp” are 

dispersion corrected, and those with “_Disp_BSSE” are both dispersion and BSSE 

corrected.  

        To compare the relative binding affinity and stabilization energy, we plotted in Figure 3.11 

the most favorable isomers of the molecules in terms of Estab. Clearly, whether dispersion was 

corrected or not, C6H8 is the least stable one on the surface. However, the adsorption energy 

shows that C6H8 binds the most strongly with the surface before and after dispersion correction, 

although after BSSE correction it is slightly less strongly bound than C6H6.  The low surface 

stability and high binding affinity indicates the possible preference of C6H8 to be further 

hydrogenated, or decomposed. C6H6 is only a little more stable than C6H8, and may be another 

source of surface decomposition. These two surface species are most likely responsible for the 
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carbon deposition and the formation of the carbonaceous layer on the Mo2C surface. 

Experimentally, 1,3-cyclohexadiene forms phenyl on the carbon-modified Mo surface.
44

 C6H10 is 

quite stable on the surface. It has stronger stabilization energy than C6H8, but much weaker 

adsorption energy than C6H6 and C6H8. This character suggests that C6H10 can be easily desorbed 

from the surface. In fact, C6H10 (cyclohexene) undergoes reversible adsorption/desorption on the 

carbon-modified Mo surface.
44

 This is also consistent with the observation of a C6H10 signal 

when the Mo2C catalyst used in the benzene hydrogenation reaction was heated in the TPR-MS 

experiment
8
. C6H12 has the strongest stabilization energy but very weak adsorption energy. Since 

this molecule is very stable in the gas phase, we conclude that it can desorb very easily from the 

surface. Indeed, cyclohexane is usually the only product that is observed in the hydrogenation of 

benzene with α-Mo2C
8,10

.  

The main purpose of this study is to elucidate the mechanism of benzene 

hydrogenation on Mo2C nanocatalysts. The adsorption energies of benzene and the other most 

stable intermediates are shown in Figure 3.11. The binding becomes weaker when more 

hydrogen atoms are added to the six-member ring. The unstable but strong binding nature of 

C6H8 on the Mo2C surface strongly suggests the decomposition and formation of graphitic 

carbon (or carbonaceous layer) to be the main contributor to the gradual loss of activity of the 

Mo2C catalyst. The Eley-Rideal mechanism proposed by Rocha et al.
17, 19

 may be wrong for 

several reasons. First, they ruled out the possibility of surface decomposition or the formation of 

coke as the surface site blocker simply by reasoning that the temperature was not high enough 

for it to happen at 363 K. This assumption, however, is not valid, because 1,3-cyclohexadiene 

(12-C6H8 in our notation) was found to decompose to form phenyl even at 80 K on carbon-

modified Mo surfaces, and it could even dehydrogenate to form benzene at 313 K.
44

 Therefore, 
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the formation of coke from C6H8 is highly possible; so far, there is no direct experimental 

evidence against this explanation. On the contrary, an HRTEM experiment
8
 has clearly shown 

that large amounts of amorphous deposits were present on the post-catalytic Mo2C, indicating the 

formation of coke during the reaction. Secondly, the observation of a much smaller cyclohexane 

signal compared to benzene in the TPR-MS experiment
17

 does not necessarily mean that benzene 

is the site blocker. Rather, the carbonaceous layer that may integrate with the Mo2C surface at 

high temperature without desorption should not be neglected. Thirdly, if the Eley-Rideal 

mechanism were true, and the surface undergoes gradual benzene accumulation, then when 0% 

conversion rate is achieved, the TPR-MS experiment should show the benzene signal as the 

dominant one, or at least show much less H2 signal than benzene signal. However, on the 

contrary, the post-catalytic H2 signal in their spectrum is much higher than the benzene signal.  

Fourthly, the benzene desorption temperature on Mo2C (377-392 K, depending on the synthesis 

conditions) is similar to the benzene desorption temperature on Ru (384 K) which means that the 

adsorption strength of benzene over Mo2C is comparable with that of a Ru catalyst,
45

 on which 

no deactivation of benzene hydrogenation or the formation of coke was observed
2, 8

. (Because 

coke was not formed on the Ru catalyst, the “spill over” phenomenon to maintain the activity is 

not involved.) This means that the deactivation of benzene is not necessarily related to benzene 

adsorption. In fact, comparing the HRTEM of post-catalytic Mo2C and Ru, no carbon deposits 

could be seen on the Ru particles, but were found on Mo2C,
8
 strongly supporting the formation 

of coke as the reason for the deactivation. Lastly, it is impossible to attribute the deactivation of 

benzene hydrogenation on Mo2C at 423 K
46

 to the adsorption of benzene, which desorbs from 

Mo2C readily at 377-392 K
45

. All of these observations, however, can be explained by the L-H 

mechanism: the sites around benzene molecules are occupied by the carbonaceous species or 
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coke from partially hydrogenated species such as C6H8; for the remaining benzene molecules, the 

attaching H atoms (including those inside the bulk) although of significant amount, are not able 

to get close enough to benzene for the hydrogenation reaction to happen. 

The stable adsorption sites of benzene reflect the advantage of a flat surface for the 

binding of the aromatics with Mo2C in hydrogenation reactions. The consistent preference for 

hollow sites with 3 C atoms bonding with 3 Mo atoms suggests the requirement of multiple Mo 

sites for the adsorption of the aromatic molecules on the Mo2C surface. For larger aromatic 

molecules, the importance of a flat surface is even more plausible, because more Mo atoms are 

needed to bond with the molecule.  

3.5 Conclusions 

        The adsorption of various conformations of benzene and hydrogenated benzene were 

assessed with density functional theory. The adsorption of benzene was found to happen only on 

three-fold hollow sites of the α-Mo2C (0001) surface with three C-Mo “σ bonds”. The most 

costly step is the distortion of the benzene molecule from the gas phase geometry to the binding 

geometry, which involves re-hybridization of the C atoms from sp
2
 to sp

3
. The HOMO-LUMO 

gaps of the distorted benzene in all three hollow sites of α-Mo2C (0001) are as small as that of 

benzene on the most stable sites of Pt (111), indicating a similar activity of benzene on those 

surfaces. Evaluation of the stabilization energy and the adsorption energy shows a generally 

increasing Estab and decreasing Ead, except for C6H8. This adsorbate was found to have very low 

Estab but high Ead, showing a preference for further hydrogenation or decomposition rather than 

desorption. This finding, plus the much lower benzene adsorption energy than the reported one
17

, 

suggests a Langmuir-Hinshelwood (L-H) hydrogenation mechanism, rather than the Eley-Rideal 

mechanism. Relaxation effects may play an important role in the reaction mechanism. Using the 
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relaxed cluster data, it was observed that 12-dihydrobenzene and 1234-tetrahydrobenzene are the 

most stable intermediates in the hydrogenation of benzene. Interestingly, both 12-

dihydrobenzene and benzene itself prefer the Vc hollow site. Besides, the Vc site is also among 

the most favorable adsorption sites for 1234-tetrahydrobenzene. This suggests that Vc sites may 

be the initial active sites for benzene hydrogenation at low coverage, which may then move to 

other sites when several hydrogen atoms are added. Due to the close Estab among 12-

dihydrobenzene, 13-dihydrobenzene, and 14-dihydrobenzene, the possibility of the last two as 

intermediates, however, cannot be excluded. Further kinetic studies are necessary in order to find 

the dominant reaction path.  
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Chapter Four: Application of Topological Analysis of the Electron Localization Function to 

the Complexes of MCNPs with Unsaturated Hydrocarbons  

4.1 Introduction 

The catalytic properties of materials are determined by their electronic structures.
1
 In 

order to understand the catalytic behavior of molybdenum carbide nanoparticles (MCNPs) for 

reactions such as hydrogenation, it is necessary to understand the electronic structure of this 

system, including the bonding in the MCNPs and the bonding between the adsorbents and the 

MCNPs. Adsorption is usually known as a local phenomenon. But how “local” is it in terms of 

electronic structure? How do various different unsaturated hydrocarbons bond with the MCNPs? 

For hydrocarbons adsorbed on MCNPs, there are two types of Mo-C bonds: those between the 

Mo and C in the nanoparticle, and those between the Mo in the nanoparticle and the C of the 

hydrocarbon on the surface. An interesting question comes naturally: how different are those two 

types of Mo-C bonds? 

In quantum mechanics, the movement of electrons do not have a boundary. To define 

an atom or a bond requires the space to be divided in a chemically meaningful way. One way to 

define atoms and bonds in molecules unambiguously is the atoms in molecules (AIM) theory 

introduced by Bader. In his original work
2
, Bader used the topology of the electron density (ρ) 

and the analysis of critical points of ρ to classify atoms and bonds. A critical point (CP) of a 

scalar function is a point in the 3 dimensional spaces where the first derivative of the function is 

zero. CP analysis classifies the CPs with the signs of their curvatures. Based on the AIM theory, 

atoms and bonds in the molecules are indicated by nuclear critical points and bond critical points. 

Similar topological analysis can be applied to the molecular electrostatic potential (MEP)
3
 and 

the Laplacian of the electron density (  
 )

4
 and the electron localization function (ELF)

5
. 
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It is well known that electron delocalization is important for aromaticity. In addition, 

electron delocalization has been shown to be useful in explaining the nature of chemical bonding 

in transition metal complexes
6
. The ELF is a property introduced by Becke and Edgecombe

7
 for 

the evaluation of the localization of electrons in molecules. Compared to AIM and MEP, it 

directly reveals the Pauli exchange repulsion effect by measuring the excess of local kinetic 

energy due to Pauli repulsion, which is fundamentally important for chemical bonding in 

valence-shell electron-pair repulsion (VESEPR) theory
7
. Besides, the Laplacian of the electron 

density does not fully reveal the shell structure of heavy atomic systems.
4
 The ELF can be 

written as: 
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In equation (4.2), Ts is the kinetic energy density. D represents the curvature of the 

electron pair density for electrons of the same spin. Dh is the corresponding expression for the 

homogenous electron gas of the same density. ELF has values between 0 and 1. Values close to 1 

indicate electron pairing or fully localized; values close to zero means completely delocalized. If 

at certain position D=Dh and ELF=0.5, then the Pauli repulsion at that position is equal to the 

Pauli repulsion of the homogeneous electron gas of the same density. The topological analysis of 

ELF was first introduced by Savin for the classification of chemical bonds.
8
 It provides a basis 

for the understanding of chemical bonding in the Lewis bonding scheme. Soon, the classification 
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of chemical bonds in the framework of ELF was applied to the bonding analysis of molecules
9
, 

small alkali metal clusters
10

 and crystalline materials
11

. Kohout
12

 first applied ELF to transition 

metal systems and suggested that the atomic core regions are necessary to get the detailed 

bonding situation. The ELF analysis of the nature of metal-carbon bonding in MCH1 MCH2, 

MCH3  molecules by Vidal
13

 shows an almost pure ionic bond for all the systems studied with 

M:C=1:1, including M = K, Ca, Sc, Ti, V, Cr and Mn cations. Similar analysis
14

 shows the 

nature of the chemical bond in di-metallic-center complexes as a resonance interaction due to the 

d electrons fluctuating within the core basins of the metal centers, and tri- and tetra-metallic-

center complexes as multi-center bonding among the metal atoms indicated by the valence basin 

among the metallic centers. A recent review
6
 by Matito covers the theory and application of ELF 

in transition metal complexes. However, to my knowledge, there is still no reported work that 

applys ELF analysis to transition metal clusters or the bonding of transition metal clusters with 

small molecules.  

Previously when we compared the bonding of benzene on Pt(111) and Mo2C(0001), 

the geometry showed di-σ and π bonds for Pt, while it showed three σ bonds for Mo2C
15

. 

However, it is still not clear what caused these differences. In the explanation of surface bonding 

between metal clusters and organic molecules, the most popular model
16

 is that based on the 

molecular orbital theory: the donation of molecular π electrons into the metal d orbital and the 

back donation to the molecular π* orbital. The molecular orbital diagrams, however, become too 

complicated when many atoms in a nanoparticle are involved, especially with many heavy 

transition metal atoms that are rich in d electrons. The band structure theory is restricted to bulk 

solids with an infinite number of atoms, and ignores the quantum size effect. Therefore neither of 

the two methods is very suitable for studying the electronic structure of clusters or nanoparticles. 
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Herein, we use the ELF topological analysis based on DFT molecular orbital theory, and then we 

use the Lewis bonding scheme to explain the bonding in the MCNPs, as well as the surface 

bonding between the MCNPs and various unsaturated hydrocarbons. The understanding of these 

bonding interactions may help the construction of future multi-scale models and the 

interpretation of the results from multi-scale simulations. We first examine the bonding in small 

molybdenum/molybdenum carbide molecules (MoC, Mo2, Mo2C, Mo3C), then extend to larger 

cluster models resembling the MCNPs (Mo8C12 and Mo28C14). Then in the next section, we look 

at the complexes of these systems with unsaturated hydrocarbons, starting from the smallest 

system in this category: the ethylene molecule adsorbed on Mo2C. Then we go to a slightly 

larger system: a C6H6 molecule on Mo3C. In both cases, we also studied their bonding on a 

Mo28C14 MCNP for comparison. Afterwards, we move on to heterocyclic compounds pyridine 

and thiophene on the Mo28C14 MCNP. For even larger molecules like naphthalene or toluene, we 

studied their bonding with a slightly larger Mo38C19 MCNP. 

4.2 Computational Methods 

The electronic structure calculations were performed with the linear combination of 

Gaussian-type orbital Kohn-Sham density functional theory (LCGTO-KS-DFT) package 

deMon2k
17

 within the GGA-PBE
18

 formalism. The all-electron basis set DZVP
9
 and GEN-A2 

auxiliary set
19

 was used for all atoms. The structures of all systems were optimized; however, for 

Mo28C14 and Mo38C19 MCNPs, the boundary atoms are fixed while the rest are allowed to relax, 

the same way they were used previously for adsorption studies.
15

 ELF was calculated from an all 

electron basis set, because as Kohout
4
 pointed out, the “valence ELF” calculated from valence 

electrons does not have clear physical meaning, and the analysis of ELF needs to involve the 

atomic core regions. The wavefunctions of the systems were then passed to the Dgrid
20 

program 
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for the calculation of ELF and the integration of the electron density in the ELF basins. A mesh 

size of 0.05 Bohr and a border of 6.0 Bohr was used for the ELF calculations for the integration 

of the electron density. The 3D figures of ELF were plotted with the ParaView
21

 package. For 

visualization purposes only, separate ELF calculations were performed with a mesh size of 0.1 

Bohr to avoid the overload of system memory.  

In the ELF topological analysis, the local maxima of the function are defined as 

localization attractors. Each attractor is contained in a basin, which can be either a core basin, or 

a valence basin; a valence basin is further categorized as a bonding basin or a non-bonding basin 

(denoted “N”). A core basin contains a nucleus, while a valence basin (denoted “V”) connects a 

number of core basins. This number is usually called the synaptic order of a valence basin, and is 

determined by the coordinates of the attractors of the basins. 

For the visualization of the ELF in the figures, the isosurface of the ELF in 3D space 

are plotted. The value of the isosurface is called “ηELF”. To visualize the inside of the 

isosurfaces, a surface or “clip” cuts through the isosurfaces. A clip is an intersection of the whole 

isosurface, usually at half space, which removes the geometry on one side of the middle plane. 

Clips are created because the isosurfaces are closed, which prevents the visualization of the inner 

regions inside the basins. On a clip, ten contour curves of ELF are included. The difference in 

ELF between contours on a clip is 0.05, which is indicated as ΔELF=0.05 on the figures. All the 

core basins are marked as “C(X)”, where “X” is the atom name. All the valence basins are 

marked as “V(mX, nY)”, where “X” and “Y” are the names of the elements, and m and n are the 

number of the corresponding atoms that are involved in the bonding.  Non-bonding basins are 

denoted as “N(X)”, where “X” is the atom name. The integration of electron density in the ELF 

basins are labeled on the figures or shown in tables. Because of the sizes of the systems and the 
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complexity of the ELF isosurfaces for the large nano-scale systems, a lot of different subtle 

rotations have to be performed to visualize all the chemically important basins. To avoid too 

many figures, the ELF isosurfaces are rotated in a way to balance the visualization of different 

basins; however all the detailed information is provided in tables. 

4.3 Results 

4.3.1 The bonding in Molybdenum Carbide 

4.3.1.1 MoC  

The ground state of MoC was found to be 
3
Σ

-
 , with a bond length of 1.691 Å, close to 

the spectroscopic
22

 and multireference configuration interaction (MRCI)
23

 value of 1.688. The 

multi-configurational self-consistent field (CASSCF) and MRCI calculations
23

 have predicted 

the ground state of MoC to be 
3
Σ

-
 with a 10σ

2
11σ

2
5π

4
2δ

2
 configuration. There is only one 

disynaptic bonding attractor between Mo and C, located 0.624 Å from Mo and 1.067 Å from C, 

with a basin population of 0.2 e (Figure 4.1). The C core basin plus its lone pair basins together 

have 7.5 e. The low population in the valence basin between Mo and C reflects the ionic 

character of the bonding of MoC
24

. Bader
2
 population analysis shows a net charge of +0.5 e for 

Mo and -0.5e for C. 
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Figure 4.1 The ELF isosurface of MoC at 0.68. V(C, Mo) means the valence basin between 

C and Mo, and C(C) and C(Mo) indicate a carbon and molybdenum core basin, 

respectively.  

4.3.1.2 Mo2   

The ground state of Mo2 is 
1
Σ

+
g, in agreement with the spectroscopic study

24
. The bond 

length of Mo2 was found to be 2.021 Å, slightly larger than the experimental value of 1.938 Å
24

. 

As Figure 4.2 shows, it has two ring-shaped disynaptic basins between the Mo atoms, and 

another two monosynaptic bow-shaped basins at each end outside the molecule. The inner ring 

basin contains 3.0e, and the outer ring basin contains 0.5e. Besides, there are two basins between 

the Mo atoms, each containing 0.8e. Altogether, 5.1e were found in the bonding basins of Mo2. 

The non-bonding attractors are contained in the two monosynaptic bow-shaped basins. This is in 

qualitative agreement with the literature proposal of a Mo2
+
 core bonded with 4d electrons

24
 and 

the 5s electrons in non-bonding molecular orbitals.  

 

Figure 4.2 The ELF isosurface of Mo2 at 0.57, with a clip cutting through the centers of the 

Mo atoms 
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4.3.1.3 Mo2C 

In its singlet ground state, the ELF topology of Mo2C is presented in Fig. 4.3. The two 

disynaptic basins between the two Mo atoms remain, but each has only 0.7e, slightly lower than 

that of Mo2. The inner and outer ring basins of Mo2 became two half-ring basins, containing 0.6e 

and 0.3e, respectively. The two non-bonding monosynaptic bow-shaped basins at the end outside 

of Mo2 also remain, indicating the bonding of Mo-C in Mo2C does not involve the Mo 5s 

nonbonding electrons. In total, the bonding basins of Mo-Mo contain 2.3e, showing a decrease of 

2.8e compared to Mo2 (5.1e), which leads to the weakening of the Mo-Mo bond. The majority of 

the loss comes from the ring basins in Mo2. The two bonding basins of Mo-C contain 1.8e each. 

Compared to the 0.2e in MoC, it shows significant change of the Mo-C bond from an ionic 

character in MoC to more covalent character in Mo2C.  

 

Figure 4.3 The ELF isosurface of Mo2C at 0.75, with a clip cutting through the centers of 

the Mo, Mo and C atoms 

4.3.1.4 Mo3C 

In its triplet ground state, Mo3C has a pyramidal structure with C1 symmetry. Its ELF 

topology can be seen as two Mo2C moieties sharing a Mo-C edge. The bonding of Mo1-Mo2 and 
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Mo1-Mo3 both retain two ring-shaped basins as can be seen from the contour slice (Figure 4.4). 

However, they are not of the same strength; in fact the Mo1-Mo3 bond is significantly stronger 

than Mo1-Mo2. The bonding of Mo2-Mo3 does not have ring basins, but the disynaptic basin 

contains 2.8e. C-Mo2 and C-Mo3 are of the same strength; both of them have 1.3e in their 

disynaptic basins.  
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Figure 4.4 Top and side view of the the ELF isosurface of Mo3C at 0.57. In the top view, the 

clip cuts through the three Mo atoms, while in the side view, the clip cuts through two Mo 

atoms and the C atom 

4.3.1.5 Mo8C12 

The Mo8C12 MCNP is usually referred to as a “metcar’
25

. Our calculation shows that 

Mo8C12 has a tetrahedral-like structure (Figure 4.5a), in agreement with previous DFT 

calculations
25

. There are two types of Mo atoms, the vertex ones (Movertex) and the face ones 

(Moface). The topology of the ELF isosurface for Mo8C12 (Figure 4.5b) shows groups of 

disynaptic valence basins, including V(C, C), V(C)lp, (note: lp means lone pair, see Table 4.1) 

and V(Moface, Moface); others correspond to the C and Mo core basins, and multi-center basins. 

The Mo8C12 MCNP can be seen as a “core” of four Moface atoms bonded with the outer shell part. 

The core involves three types of bonds: six V(2Mo) two center interaction, four V(3Mo) three 

center interactions, and one V(4Mo) four center interactions. The attractors of these basins are 

shown in Figure 4.6. The “shell” part of the Mo8C12 MCNP is made up of four Movertex atoms 

and 6 C-C units.  The bonding between the Movertex atoms and the C atoms of C-C units are ionic, 

as there is no valence basin between them. The C-C bonding basin has about 2.9e, indicating a 

bond order of 1.5. 

Table 4.1. The valence basins of Mo8C12 MCNP and the basin electronic populations. 

Basin Number Population 

V(C, C) 6 2.9 

V(C)lp lone pair 12 3.9 

V(Moface, Moface) 6 0.30 

V(3Moface) 5 0.16 

V(4Moface) 1 0.1 



 

101 

 

 

Fig 4.5 a) The Mo8C12 particle; the big yellow spheres are Mo atoms and the smaller silver 

spheres are C atoms. b) the ELF isosurface of Mo8C12 at 0.78;one of the C, Movertex and 

Moface atoms are labelled in brown color. 

 

Figure 4.6 The positions of the attractors of the basins in Mo8C12 MCNP. The pure black 

ones are the core basins of the Mo atoms 

4.3.1.6 Mo28C14 

There are two flat surfaces on the Mo28C14 MCNP (Figure 4.7a), and we will focus on 

the Mo-terminated surface as it is more catalytically active and is the surface of interest in most 
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of the reported studies. Two types of basins were observed: V(3Mo) three-center basins and V(C, 

3Mo) four-center basins (Figure 4.7b). The V(3Mo) basins are similar to the ones found in the 

bulk structure of MoS2. These basins correspond to the Hm and Vc sites on the surface, 

following the nomenclatures in the literature
26

. The V(C, 3Mo) four-center basins are unique for 

molybdenum carbide, and are quite consistent on all the Hc sites with about 0.7e-0.8e in the 

basins. These sites are made up of a C atom below the hollow of 3 Mo atoms. Due to the 

distortion of the Mo28C14 MCNP during geometry optimization, one of the Hm sites is reduced to 

a V(Mo, Mo) two-center basin.  

 

Figure 4.7 a). Top view of the Mo-terminated surface of a Mo28C14 MCNP; b). the ELF 

isosurface of Mo28C14 MCNP at 0.70. For better visualization of the bonding basins below 

the Mo atoms, a plane cuts through the middle of the top layer of Mo atoms. 

4.3.2 Complexes of MCNPs with Unsaturated Hydrocarbons 

4.3.2.1 Mo2C-C2H4 complex 

In its singlet ground state, the Mo2C-C2H4 pair is not planer. The lower C from Mo2C 

(C3 in Figure 4.8) is out of the plane made by the Mo-Mo-C-C four member ring. Two two-

center interactions between the Mo atoms and the C1 and C2 atoms of C2H4 can be readily 

recognized as 2 Mo-C σ-bonds. The integration of the electron density gives 1.3e in each of the 

basins. The strength of Mo bonding with C3 in Mo2C is similar, with 1.4e in the basins, showing 

a) b) 
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the similar strength between the chemisorption Mo-C bond and the Mo-C bond in Mo2C. The 

bonding basin between the two C atoms in C2H4 has 2.0 electrons, indicating the changing from 

C=C double bond to C-C single bond after interaction with Mo2C. 

 

Figure 4.8 The ELF isosurface of the Mo2C-C2H4 pair at 0.77. The ethene molecule is 

located above, and the Mo2C molecule is located below. A clip cuts through the two Mo 

atoms and the two C atoms in ethene. 

4.3.2.2 Mo3C-C6H6 complex 

The ground state of the Mo3C-C6H6 pair is also a singlet state. However, the optimized 

structure is far from symmetric. Among the three Mo atoms, C1 is bonded to Mo1 only, with 

2.4e in the bonding basin (Figure 4.9). Both C2 and C3 are bonded to Mo3 through two-center 

interactions, with 2.0e and 2.9e in the basin, respectively. C5 and C6 form similar interactions 

with Mo2, but with much weaker strength. The electron density integrated in these basins is only 

0.54e and 0.74e. C4 is special in that it does not have any bonding interaction with the Mo atoms. 
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Figure 4.9 The ELF isosurface of the Mo3C-C6H6 pair at 0.75. The benzene ring is located 

parallel to the paper in the front, and the Mo3C molecule is located with the three Mo 

atoms also parallel to the paper, but behind it. The C atoms in the benzene ring are 

numbered in numerical order. The clip cuts through the centers of the three Mo atoms. 

4.3.2.3 Mo28C14-Ethene complex 

Compared to the two equivalent V(C, Mo) two-center basins (1.3e) on Mo2C, upon 

interaction with the Mo28C14 MCNP, ethene shows a four-center V(C, 3Mo) basin with a 

population of 1.42 (Figure 4.10). The other C forms a two-center basin of 0.98e with a Mo atom. 

This indicates that the V(C, 3Mo) four-center interaction is stronger than the V(C, Mo) two-

center interaction, and is preferred when ethene is moved from Mo2C to Mo28C14, However, it 

undermines the strength of the other V(C, Mo) two-center interaction. The C-C valence basin 

now has 2.13e, slightly larger than that in Mo2C. 
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Figure 4.10 The ELF isosurface of the Mo28C14-ethene pair at 0.70. The clip cuts through 

the top layer Mo atoms. The Mo28C14 cluster is oriented such that the (0001) plane faces the 

front. The adsorbed ethene molecule is also parallel to the (0001) plane of the Mo28C14 

cluster, with the C and H atoms numbered in the figure. 

Table 4.2 The ELF basins in the Mo28C14-ethene complexes and the electronic populations. 

Basin Population Basin Population 

V(C1, 3Mo) 1.42 V(C1, H1)  2.12 

V(C2, Mo) 0.98 V(C2, H2) 2.04 

V(C1, C2) 2.13 V(C3, H3)  2.07 

  V(C4, H4)  2.12 

 

4.3.2.4 Mo28C14-Benzene complex 

From now on, when we discuss the ELF of complexes with the benzene molecule, we 

will always use the same numbering system as in Figure 4.11. 
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Figure 4.11 The ELF isosurface of the Mo28C14-benzene pair at 0.75, with benzene on the 

Hm site. The clip cuts through the first layer Mo atoms. The Mo28C14 cluster is oriented 

such that the (0001) plane faces the front. The adsorbed benzene molecule is also parallel to 

the (0001) plane of the Mo28C14 cluster, with the C atoms in the benzene ring numbered as 

shown on the right. 

 

 

Figure 4.12 The ELF isosurface of Mo28C14-benzene at 0.75, with benzene at the Vc and Hc 

site. The Mo28C14 cluster is oriented such that the (0001) plane faces the front. The 

adsorbed benzene molecule is also parallel to the (0001) plane of the Mo28C14 cluster, with 

the C atoms in the benzene ring numbered as shown on the right side of Fig. 4.11. 
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Table 4.3 The types of ELF basins in the Mo28C14-benzene complexes and the electronic 

populations 

Mo28C14-benzene-Hm Mo28C14-benzene-Vc Mo28C14-benzene-Hc 

Basin Population Basin Population Basin Population 

V(C1, Mo)  0.53 - - - - 

- - V(C2, Mo)  0.61 V(C2, Mo) 0.59 

V(C3, Mo)  0.70 V(C3, 3Mo) 1.02 - - 

V(C4, 3Mo)  1.02 V(C4, Mo) 0.55 V(C4, Mo) 0.63 

V(C5, Mo)  0.62 V(C5, 3Mo) 0.69 V(C5, 3Mo) 1.00 

V(C6, 3Mo)  1.31 V(C6, Mo) 0.67 V(C6, Mo) 0.56 

Vad 4.18 Vad 3.54 Vad 2.78 

V(C1, C2)  2.73 V(C1, C2)  2.77 V(C1, C2)  2.41 

V(C2, C3)  2.50 V(C2, C3)  2.18 V(C2, C3)  2.91 

V(C3, C4)  2.28 V(C3, C4)  2.33 V(C3, C4)  2.42 

V(C4, C5)  2.35 V(C4, C5)  2.39 V(C4, C5)  2.30 

V(C5, C6)  2.29 V(C5, C6)  2.34 V(C5, C6)  2.21 

V(C6, C1)  2.21 V(C6, C1)  2.44 V(C6, C1)  2.84 

Vave (C, C) 2.39 Vave (C, C) 2.41 Vave (C, C) 2.52 

Note: We define Vad as an adsorption valence basin, which refers to the sum of all bonding 

basins between the adsorbent atoms and the cluster atoms; in this case it is the sum of the 

bonding basins between all C atoms of benzene and the Mo atoms of the MCNP. Vave (C, C) 

refers to the average of the six C-C bonding basins in benzene. The gas phase benzene has a Vave 

(C, C) of 3.0 
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As Figure 4.11 and 4.12 show, there are two types of bonding basins between benzene 

and the Mo28C14 MCNP.  One type is the V(C, Mo) two-center basins, and the other is V(C, 3Mo) 

four-center basins. The V(C, 3Mo) bonding basins contain about twice the electron density as the 

two-center basins (See Table 4.3). For both Hm and Vc sites, benzene forms two V(C, 3Mo) 

four-center basins and three V(C, Mo) two-center basins, with the adsorption valence basin Vad 

containing 4.18e and 3.54e, respectively. However, on the Hc site, benzene forms only one V(C, 

3Mo) three-center basin, and three V(C, Mo) two-center basins, with the adsorption valence 

basin Vad containing only 2.78e.  

One of the purposes of this study is to get a deeper understanding of the adsorption 

phenomenon found in Chapter 3. Our current findings suggest that the lack of one strongly 

bonding V(C, 3Mo) four-center basin is the reason for the relatively weaker adsorption of 

benzene on the Hc site, compared to Vc and Hm. This could also be reflected on the C-C bonds 

of benzene on different sites of the MCNP. The average C-C bonding basins of benzene 

decreases as: gas phase > Hc > Vc > Hm, indicating the increase of the breaking of the 

aromaticity of benzene on the MCNP surface. This explains the trend of binding affinity found 

from other DFT calculations
15, 27

. Besides these bonding basins, the C atoms in the benzene ring 

also have core basins, each with about 2.0e, which can be attributed to the 1s electrons. 

Comparing the bonding basins formed by Mo and C in the Mo28C14 MCNP (0.7-0.8 eV) and the 

chemisorption basin between Mo in the MCNP and C from benzene (0.55-1.02 eV), we can say 

that these two types of bonds have similar strength in terms of electron sharing.  

To summarize this part, we’ve successfully explained the relative thermodynamic 

adsorption strength of benzene on different sites of the (0001) surface of Mo2C presented in 

Chapter 3. The adsorption phenomenon is dominated by multi-center bonding basins between 
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benzene and Mo2C. The adsorption strength can also be measured by the destabilization of the 

benzene molecule, which is indicated by the average of the total electron density in the bonding 

basins of the C-C bonds in benzene. Considering that the main content of oil sands are 

substituted poly aromatic hydrocarbons (PAH), in the next part, we will analyze the bonding 

interactions of different substituted aromatic molecules with MCNPs.  

4.3.2.5 Mo28C14-Pyridine 

Similarly to benzene, pyridine interacts with the Mo28C14 MCNP through two strong 

V(C, 3Mo) four-center basins and three V(C, Mo) two-center basins (Figure 4.13). However, it is 

interesting that there is no bonding basin between N and Mo, although they align close to each 

other. Since the basin corresponds to the lone pair in N containing 3.2e (Table 4.4), the 

interactions between the N and Mo are therefore purely ionic. All the C-C bonds retain their 

unsaturated nature with 2.3e-2.4e in the bonding basins. The C-N bonds, however, are all single 

bonds with 2e in the bonding basins. 
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Figure 4.13 The ELF isosurface of the Mo28C14-Pyridine complex at 0.70, with the pyridine 

adsorbed on an Hm site. The Mo28C14 cluster is oriented such that the (0001) plane faces 

the front. The adsorbed pyridine molecule is also parallel to the (0001) plane of the Mo28C14 

cluster, with the H atoms numbered. The C atoms are numbered in the same order as the 

corresponding H atoms. 

Table 4.4 the ELF basins in the Mo28C14-Pyridine complexes and the electronic populations 

Basin population Basin  Population Basin  Population 

V(C1,3Mo) 0.88 V(C1,C6)  2.4 V(C6,Mo) 0.69 

V(C3,3Mo)  1.0 V(C3,C4)  2.4 V(N) low pair 3.23 

V(C4,Mo) 0.6 V(C4,C5)  2.4 V(N,C1)  2.0 

V(C5,3Mo) 0.7 V(C5,C6)  2.3 V(N,C3)  2.0 

Note: we use the same numbering for the C atoms to their corresponding H atoms as in Figure 

4.12. 

4.3.2.6 Mo28C14-Thiophene 

Among the four C atoms in thiophene, the two C atoms (C1 and C4) bonded with S 

have the strongest interaction with the Mo28C14 MCNP surface, with almost twice the integrated 

electron density in the corresponding V(C, Mo) bonding basins. Besides the lone pair electrons, 
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sulfur has a four-center V(S, 3Mo) bonding basin with the MCNP surface, showing the partially 

covalent nature of the interactions (Figure 4.14).  

 

Figure 4.14 The ELF isosurface of the Mo28C14-Thiophenee complex at 0.70, with the 

thiophene adsorbed on a Hm site. The Mo28C14 cluster is oriented such that the (0001) 

plane faces the front. The adsorbed thiophene molecule is also parallel to the (0001) plane 

of the Mo28C14 cluster, with the H atoms numbered. The C atoms are numbered in the 

same order as the corresponding H atoms. 

Table 4.5 the ELF basins in the Mo28C14-Thiophene complexes and the electronic 

populations 

Basin Population Basin Population Basin Population 

V(C1, Mo)  1.55 V(C1,C2)  2.12 V(S, C1)  1.66 

V(C2, Mo)  0.80 V(C2, C3)  2.40 V(S, C4) 1.62 

V(C3, Mo)  0.64 V(C3, C4)  2.24 V(S) lone pair 2.54 

V(C4, Mo)  1.33   V(S, 3Mo) 1.76 

Note: we use the same numbering for the C atoms to their corresponding H atoms as in Figure 

4.13. 
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4.3.2.7 Mo38C19-Naphthalene 

 

Figure 4.15 The ELF isosurface of the Mo38C19-Naphthalene complex at 0.70, with 

naphthalene on the Hm site. The Mo38C19 cluster is oriented such that the (0001) plane 

faces the front. The adsorbed naphthalene molecule is also parallel to the (0001) plane of 

the Mo38C19 cluster, with the C atoms numbered on the right side. 

Table 4.6 the ELF basins in the Mo38C19-naphthalene complexes and the electronic 

populations 

Basin Population Basin Population Basin Population 

V(C1, 2Mo) 0.96 V(C1, C2) 2.23 V(C6, C7) 2.56 

V(C2, Mo) 0.66 V(C2, C3) 2.77 V(C7, C8) 2.73 

V(C4, Mo) 0.75 V(C3, C4) 2.44 V(C8, C9) 2.39 

V(C6,Mo) 0.62 V(C4, C5) 2.41 V(C9, C10) 2.51 

V(C8,Mo) 0.56 V(C5, C6) 2.44 V(C10, C5) 2.71 

V(C9, 2Mo) 0.69 V(C1, C2) 2.56 V(C10, C1) 2.47 

V(C10, Mo) 0.15   Vave (C, C) 2.50 

 

The C-C bonds of naphthalene in the gas phase are not equivalent. The four bonds of 

C1-C2, C3-C4, C6-C7 and C8-C9 are double bonds in two of the three resonance structures of 
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naphthalene, while the other C-C bonds are double bonds only in one of the three resonance 

structures. However, a redistribution of electrons among the C-C bonds was observed on the 

MCNP surface. This is indicated by the population in the valence basins of the C-C bonds. Table 

4.6 shows that the average population in the bonding basins of C1-C2, C3-C4, C6-C7 and C8-C9 

is 2.41e, while the average population in the bonding basins of C4-C5, C5-C6, C9-C10 and C10-

C1 is 2.46e. The other three bonds C2-C3, C7-C8 and C10-C5, with 2.74e in the bonding basins, 

now become more electron rich than the bonds of C1-C2, C3-C4, C6-C7 and C8-C9. Comparing 

the V(C, C) of the benzene and naphthalene on MCNPs, the former shows more single bond 

nature with fewer electrons in the C-C bonding basins, as the average C-C bonding population is 

about 2.4e in benzene and 2.5e in naphthalene.  

4.3.2.8 Mo38C19-Toluene 

On the Mo38C19 MCNP surface, toluene forms two V(C, 3Mo) three-center basins and 

three V(C, Mo) two-center basins (Figure 4.16), with about the same number of electrons in 

these two types of basins (Table 4.7). Compared to benzene, we are mostly concerned about the 

contribution of the methyl group to the adsorption. As Table 4.7 and Fig 4.16 show, neither lone 

pair electrons nor valence bonding of C in the methyl group with the MCNP was detected, which 

means there is no direct bonding interaction between the methyl group of toluene and the 

Mo38C19 cluster. Their interactions are most likely van der Waals in nature. Most of the 

contribution to the adsorption of toluene on Mo38C19 comes from the C6 ring. The total 

population in all the bonding basins between toluene and the Mo38C19 surface (Vad = 2.73e) is 

equivalent to the Hc site (Vad = 2.78e) of benzene, but significantly less than benzene on Hm 

(Vad = 4.18e) and Vc sites (Vad = 3.54e). 
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Figure 4.16 The ELF isosurface of the Mo38C19-toluene pair at 0.70, with toluene on a Hm 

site. The Mo38C19 cluster is oriented such that the (0001) plane faces the front. The 

adsorbed toluene molecule is also parallel to the (0001) plane of the Mo38C19 cluster, with 

the C atoms numbered on the right side.  

Table 4.7 the ELF basins in the Mo38C19-tolune complexes and the electronic populations 

Basin Population Basin Population Basin Population 

V(C1, 2Mo)  0.57 V(C6, Mo)  0.53 V(C4, C5)  2.44 

V(C2, Mo)  0.61 V(C1, C2)  2.44 V(C5, C6)  2.47 

V(C4, Mo)  0.59 V(C2, C3)  2.52 V(C6, C1)  2.45 

V(C5, 2Mo)  0.43 V(C3, C4)  2.77 V(C7, C3)  2.10 

 

4.4 Discussion 

The C-Mo bonding in the MoC molecule is largely ionic. For Mo2C and Mo3C, we can 

rank them following the ionic nature as MoC>Mo3C>Mo2C, based on the electronic population 

in the C-Mo valence basins of 0.2e, 1.3e, and 1.8e, respectively. In the Mo8C12 nanoparticle, the 

C atoms form bonds of an ionic nature with the Movertex atoms, without electrons localized 

between C and Movertex. Considering that no valence basin was detected in Mo8C12, we can 
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conclude that the C-Mo bonding in Mo8C12 has even more ionic character than MoC. Also, no 

valence basin between the C atoms and the Moface atoms was detected. On the Mo-terminated 

surface of the Mo28C14 MCNP, besides the V(3Mo) basins similar to those in MoS2, the C atoms 

also form V(C, 3Mo) four-center basins with three Mo atoms. With 0.7e-0.8e in those V(C, 3Mo) 

basins, the C-Mo bonding in Mo28C14 has more covalent character than MoC and Mo8C12, but 

less than Mo2C and Mo3C.  

The C-Mo bonding between the hydrocarbons and all the MCNPs show clear covalent 

characteristics, indicated by the electrons localized between them. Comparing ethene on Mo2C to 

Mo28C14, the C-C bonding basin on Mo2C has 2.0e, but 2.13e on Mo28C14, showing that the C=C 

double bond is more destabilized on Mo2C. In the Mo2C-ethene complex, the two types of C-Mo 

bonds are similar: one is that between ethene and Mo2C, and the other one is that in the Mo2C 

molecule, with 1.3e and 1.4e in the bonding basins, respectively. Similar observations can be 

found when one compares the Mo3C-benzene and Mo28C14-benzene complexes. In Mo28C14-

ethene complex, the V(C, Mo) two-center basins are similar to the case in the Mo2C-ethene 

complex with electron population decreasing from 1.3e to 0.9e; however the V(C, 3Mo) four-

center basins are very similar to the V(C, 3Mo) four-center basins in Mo28C14 particle, but with 

different basin populations.  

In terms of different unsaturated hydrocarbons, the stronger binding of benzene than 

polyaromatic hydrocarbons (PAH) such as naphthalene on molybdenum carbide can be 

explained by the stronger destabilization of the C-C bonds. The average C-C bond after 

adsorption shows more single bond character in benzene than naphthalene, indicated by the C-C 

bonding basins. 
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As Figure 4.9 shows, in the Mo3C-C6H6 complex, C2 and C3 both bond to Mo3. 

According to the definition used in the literature
28

, this would be called a “π” bond. However, 

our results show that there are two separate V(C, Mo) bonding basins between each C-Mo pair, 

showing the character of two σ-bonds. This finding questions the classification of surface bonds 

into “π-bond” and “σ-bond” based on geometric observations in adsorption studies
28

.  

The V(C, 3Mo) four-center interactions are in general stronger than the V(C,Mo) two 

center interactions, and represent the dominant factor in the interaction of aromatics with the 

Mo2C (0001) surface. The reformation of V(3Mo) three-center basins on the Mo-terminated 

surface of Mo28C14 into V(C, 3Mo) four-center basins is the dominant factor that affects the 

binding of hydrocarbons on the Mo28C14 nanoparticle. It was found in previous studies
15, 27

 and 

in this one that Hc sites are not good for benzene adsorption. This could be well explained by the 

fact that these sites already have stable V(C, 3Mo) 4-center basins, and the electrons in the basin 

shared by these atoms repel the π electrons from unsaturated hydrocarbons. 

4.5 Conclusions 

The main purpose of this chapter is to provide a deeper understanding of the adsorption 

phenomenon between unsaturated hydrocarbons and the molybdenum carbide nanoparticles, and 

to explain the trends of adsorption found in Chapter 3. It has been shown that ELF topological 

analysis is a very useful tool in studying the chemical bonding in MCNPs and their complexes 

with various unsaturated hydrocarbons. It is able to identify the type of bonding, the strength of 

the covalent bonds, as well as the atoms involved. The Mo-C bonding can be highly ionic in 

cases like Mo8C12 and MoC, but shows significant covalent character in Mo2C, Mo3C, and 

Mo28C14. The chemisorption bonds between hydrocarbons and molybdenum carbides involve 

electron sharing of various types of strong covalent character. These bonding interactions on the 
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surface can spread in such a way that three- or four-center interactions are involved. The Mo-

terminated surface of the Mo28C14 nanoparticle has mainly two types of bonding. One is V(3Mo) 

three-center interactions, which are also found in Mo2S; the other is V(C, 3Mo) four-center 

interactions located in the “Hc” sites among a C atom and three Mo atoms. These two types of 

bonding basins define the electronic structure of molybdenum carbide particles. The bonding of 

unsaturated molecules with MCNPs involves not only Mo-C sigma bonds, but also three- or 

four-center interactions. These multiple-center interactions are usually stronger than the Mo-C 

two-center interactions, and determine the orientation of these molecules on the surface. In terms 

of covalent bonding, the strength of chemisorption between C from unsaturated hydrocarbons 

and the MCNPs are very strong, and have similar strength to that of the C and Mo in the MCNPs. 

Among the substituted aromatics, methyl groups in toluene show no chemical interaction with 

the MCNP surface, indicating van der Waals type interactions. The N in pyridine interacts with 

the MCNP surface in an ionic way. The S in thiophene interacts with the MCNP surface with 

both covalent and ionic character. The extension of the aromatic system from benzene to 

naphthalene makes the C-C bonds retain more electrons when they are adsorbed on MCNPs. 
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Chapter Five: DFTB Parameterization for Mo, C, H, O, and Si 

5.1  Introduction 

Since the emergence of nanotechnology in the 1980s, transition metal-related 

nanocatalysts have attracted the interest of many scientists due to their high activity, high 

selectivity, and long lifetime. Among the transition metal-containing catalysts, Mo2C is known 

for its extreme hardness, thermal stability and high reactivity in heterogeneous catalysis. It has 

catalytic activity in a wide variety of reactions: hydrogenation
1
, hydrocracking

2
, Fischer-

Tropsch
3
, ammonia synthesis and decomposition

4
, water-gas shift

5
, dehydrogenation

6
, 

isomerization
7
 and methanation

8
. In ultra-dispersed form the molybdenum carbide nanoparticles 

(MCNPs) were found to have equivalent activity to noble metals in hydrogenation reactions
9
,  

and are promising materials for large-scale industrial applications such as the in-situ upgrading 

of oil sands
10

.  

Although ab-initio or density functional theory (DFT) methods are often the first 

choice for many chemical problems, there are still many cases for which semi-empirical methods 

can be attractive.
11

 For example, when the system contains a large number of atoms such that the 

structural features or the dynamics or the entropy play important roles, the neglect of these 

factors may be more severe than choosing a method slightly less accurate than ab-initio or DFT 

methods.
11

 In some other cases, the unique electronic structures of a system may cause the self-

consistent field (SCF) failure of ab-initio or DFT methods, and makes the application of these 

methods practically very difficult. The reactions on nanoparticles, such as the hydrogenation and 

hydrocracking of hydrocarbons on an MCNP in an in-situ oil sands emulsion environment 

happen to be problems with both of the above-mentioned characteristics. First, the MCNPs are 
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usually larger than 2 nm in size and are amorphous
12

, therefore a small cluster model of a few 

tens of atoms may miss the structural (shape of the active sites) and electronic structural features 

(electron delocalization over the entire nanoparticle) of the MCNPs. Periodic models, on the 

other hand, ignore the finite-size effect
13

. Also, the catalytic reactions in industry usually happen 

at high temperature in reaction environments, which implies potentially important dynamic and 

entropic effects. Secondly, we have previously tried to use DFT to study the kinetics of benzene 

hydrogenation on MCNPs using cluster models large enough to accommodate the benzene and 

all the incoming hydrogen atoms. Due to difficulties in SCF convergence and the N
3
-N

4
 scaling 

of density functional theory to the number of atoms, our attempts have not been successful. 

Density functional tight-binding (DFTB) is an approximate method
14

 based on the 

second-order expansion of DFT, which requires only a small number of parameters. It has 

proven to be successful in the calculations of geometries
15

, dynamics
16

, vibrational frequencies
17

 

and many other properties
18

. Although being quantitatively less accurate than DFT, DFTB has 

been shown to give reliable predictions of structure and energies in many chemical and physical 

problems such as enzyme-catalyzed reactions, semiconductor etching reactions, and surface 

chemistry. In this work, the DFTB parameters for the elements Mo, C, H, O, and Si are 

developed for the study of the hydrogenation/hydrocracking of hydrocarbons on MCNPs in their 

working environments. The C, H and Mo parameters are critical for the catalyzed hydrocarbon 

reactions, and have been tested in terms of electronic structure, structure, vibrations, and reaction 

energies. Si and O can be used to model the clay particles (SiO2) in the environment, and have 

been tested electronically and structurally.  

In the KS-DFT method, the total energy of the system is a functional of the electron 

density: 
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In DFTB, the electron density is written as a reference density and a density 

fluctuation
15

: 

 ( ⃑)    ( ⃑)    ( ⃑)  (5.2) 

The total energy of DFTB is the expansion of the DFT energy expression around the reference 

density to second order
14
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(5.3) 

where     is the exchange-correlation potential, and     is the nuclear repulsion. Practically, in 

DFTB we solve KS-like equations: 

( ̂      )         (5.4) 

where      is expressed as the superposition of spherical atoms, by using either the density 

superposition or potential superposition approach. These spherical atoms, however, are under 

certain confinment potentials to reduce the spatial extent of the atomic densities or atomic 

potentials as a better basis to approximate the chemical environment of the atoms in target 

systems. Therefore, determining proper confinement potential and subsequently solving the KS 

equations of a spherical pseudoatom: 
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to obtain the confined atomic orbitals is one of the key steps of generating DFTB parameters. 

Afterwards, following the tight-binding formalism, The KS orbitals in equation (5.4) can now be 

constructed as a linear combination of these atom-centered confined atomic orbitals, considering 

only valence orbitals: 

  ( ⃑)  ∑     
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  (5.6) 

where  ⃑⃑ ( ) is the nucleus where orbital   
  is centered. Assuming a two-center approximation 

to the      in the DFTB KS equivalent equation (5.4), 4-center contributions in DFT are reduced 

to two-center contributions that are centered at the same position as the basis function: 

         
 ( ) ( )

 (5.7) 

To ensure correct dissociation energies, the diagonal elements of the first-order KS 

matrix    
  are not calculated with the      of the confined pseudoatom, but using that of free 

spherical atoms. As a result, the Hamiltonian matrix elements in standard DFTB are: 
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The Hamiltonian matrix elements and the overlap matrix elements are calculated once and stored 

in the DFTB parameter files. In the self consistent correction (SCC) version of the method
19

, the 

Hamiltonian matrix elements are corrected by a charge fluctuation term    
 : 
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where     is the change of orbital population compared to that of the neutral free atom. In DFTB 

the total energy expression in equation (5.3), the sum of the first line is the binding energy term, 

which can also be written as: 

     ∑  ⟨  | ̂ |  ⟩

   

 

  
(5.10) 

where  ̂  depends only on the reference density   ( ⃑)  The sum of the second line is the 

repulsive term: 
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This term is somewhat similar to the exchange-correlation energy in DFT. It collects all the 

terms that are inefficient to evaluate analytically. It is called the repulsive energy because it 

contains the nuclear-nuclear repulsion term Enn. However, it also contains the exchange-

correlation effect and the electron-electron Coulomb interactions. This term is usually fitted 

against DFT or other ab-initio methods. The fitting of the repulsive potential is usually the most 

labour-intensive task in DFTB parameterizations.
20

 The sum of the third line depends both on the 

reference density and the density fluctuation, and is a 2
nd

 order term: 
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The combination of      and      related parameters are collectively called the 

electronic part of DFTB parameters. Combined with the repulsive part, DFTB parameters are 

organized as text files called Slater-Koster (SK) files. Although the self-consistent charge (SCC) 

correction can improve the quality of the DFTB calculations, it is known to cause convergence 

failure for transition metal systems at high temperature, which is the case for most MCNP-
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catalyzed reactions.  So in this work, the repulsive part is created to work with the standard 

DFTB without the SCC correction (NSCC).  

The most popular SK sets are the “mio” set from Elstner et al
19

 and the mat-sci set 

from Seifert et al
21

. The traditional way of developing DFTB parameters is to introduce new 

elements to one of these two SK sets. In other words, one needs to make the new elements work 

with each of the elements in the older SK set. Instead of expanding the older SK sets using this 

traditional approach, we took advantage of a recently developed DFTB parameter set (electronic 

part only) for the whole periodic table
22

. In this development, a semiautomatic parameterization 

scheme was used to build the electronic part of the DFTB parameters for the entire periodic table. 

A confinement potential was used to tighten the Kohn-Sham (KS) orbitals of each element with 

two free parameters; the parameters for each element are optimized such that this element can 

work with most other elements, reaching consistency among the entire periodic table.  

There are two considerations for us to use this new strategy in our current work. First, 

the mio
19

 and mat-sci
21

 sets were developed many years ago, and were optimized to deal with 

systems of special interest. It is known that the electronic part contributes much more to the 

quality of the SK set than the repulsive part. If the electronic part is wrong, the short-range 

repulsive potential cannot make it right.
20

  

The electronic part of the mio SK set was mainly built for organic and biological 

systems, with little consideration for solid materials systems; so the carbon parameter may not be 

suitable for the carbidic carbons in the MCNPs and other materials.  

The mat-sci set was developed to study the mechanical properties of solid state 

materials, and the quality of the energetics is not good for studying chemical reactions of 

hydrocarbons, which requires “chemical accuracy” with errors less than a few kcal/mol. It is 



 

126 

known that many DFTB parameter sets usually behave very well for structural optimizations, but 

are not very satisfactorily for energy calculations. In their parameterization process, the repulsive 

part is only created to reproduce the structures of the reference systems; no energetic 

benchmarking is included in their parameterization protocol.  

Therefore there exists a gap between organic systems and solid-state materials systems 

in the DFTB method, which is represented by these two popular DFTB parameter sets. The new 

DFTB electronic parts recently developed by Heine et al
22

 considered many different phases and 

combinations (many do not exist in nature) of the elements in the periodic table, and reproduce 

very well the DFT band structures of the target systems. These electronic-part DFTB parameters 

laid the foundation for bridging the gap of material systems and organic systems in DFTB. 

Testing these electronic parts and parameterising the repulsive part is the best strategy for 

developing a specific DFTB parameter set for treating inorganic material-organic molecule 

hybrid systems close to chemical accuracy. Secondly, the traditional way of DFTB parameter 

development focuses only on the consistency among the (usually only a few) elements of the 

interested systems. As a result, there exist many independent SK sets that work well by 

themselves, but could not work with one another. This has greatly hindered the application of the 

DFTB method. Our new strategy makes it more convenient for future extensions of our 

parameter set to other elements. 

5.2 Computational Details 

5.2.1 Validating the electronic part 

The electronic part of the Slater-Koster tables comes directly from the automatically 

generated DFTB pseudoatoms and parameters reported recently
22

. In this procedure, the 
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confinement potentials are defined by two free parameters   and σ, and optimized to produce the 

band structures for a variety of crystal systems: 

      (
 

  
)   (5.13) 

where   is the confinement radius, and σ is another free parameter. The valence shells and 

electronic configurations of the related pseudoatoms are listed in Table 5.1. For validation of the 

electronic part, the band structures of the periodic systems are calculated using the same method 

as in the literature (DFT/PBE/TZP/ZORA in ADF/BAND
23

); Molecular systems are calculated 

with DFT/PBE/DZVP/GEN-A2 in deMon2k
24

. 

Table 5.1 Confinement potentials of the atoms Mo, C, H, O, and Si 

Atom   (Bohr) σ, Valence shell 

Mo 4.3 11.6 4d
4
5s

2
5p

0
 

C 3.2 8.2 2s
2
2p

2
 

H 1.6 2.2 1s
1
 

O 3.1 12.4 2s
2
2p

4
 

Si 4.4 12.8 3s
2
3p

2
3d

0
 

 

5.2.2 Building the repulsive part 

The repulsive parts were parameterized against the original Perdew, Burke and 

Ernzerhof (PBE) generalized gradient approximation (GGA) exchange and correlation using the 

deMon2k
24

 code. The DZVP
25

 basis set was used for all light atoms. Mo atoms were treated with 

a relativistic model core potential RMCP
26

 and the relevant valence basis set. The GEN-A2 

auxiliary set
27

 was used for the fitting of the coulombic potential and the exchange-correlation 
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functionals. These settings have been shown to give very accurate energies and structures for Mo 

related systems in our previous benchmarkings
28

. For periodic DFT calculations, the VASP code 

was used with the PBE/PAW
29

 method and a cut-off energy of 500 eV and 13×13×13 k-points. 

DFTB calculations for parameterization were performed with the deMonNano
30

 code. For 

transition state searches, the nudged elastic band (NEB) method with the DFTB+ code embedded 

in the Atomic Simulation Environment (ASE)
31

 was used, with a convergence criterion of 0.10 

eV/Å. Each chain of states in the NEB consists of 19 images. The Mo38C19 cluster has been used 

in our previous work.
28

 In this study, the Mo38C19 substrate cluster is fixed, and all other atoms 

on the surface are allowed to move. 

The repulsive potentials are calculated as the difference between the DFT energy and 

the binding energy      as follows: 

    [   ]  {    (   )      (   )}  (5.14) 

They are then fitted as polynomials using a FIT
32

 program written in C with the following 

expression: 

 ( )  ∑    (      ) 
 

   

          (        ( )   )  
(5.15) 

Here x is the distance between the atoms, and r is the cutoff distance. The cutoff distance     is 

chosen to minimize the errors in the bonding region, which is within the distances that 

correspond to 0.1 Hartree in energy higher than the energy minimum. The region from the cutoff 

distance to the dissociation limit was not fitted; instead it is corrected with the London dispersion 

energy in benchmarking or productive calculations. The interval between each point is 0.1 Bohr; 

however in the critical bonding region, an interval of 0.05 is used to increase the fitting accuracy.   
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To be more specific, a DFT and a DFTB (with only the electronic part) single point 

calculation are performed on each of the grid points. This is straightforward for molecular 

systems. For periodic systems, we take the experimental unit cell constants and the fractional 

coordinates of the atoms, and multiply with a contraction coefficient to scale the distances 

between the atom pairs to the target values. Since deMonNano has only Gamma-point 

periodicity implementation, a supercell of 5×5×5 is used for DFTB calculation of fcc-Mo and 

7×7×4 for hcp-Mo2C. The calculated energies of both methods for the entire region are extracted 

and fed into the FIT program. The weights of the data points are adjusted such that the region 

close to the equilibrium distance has higher weight, and the data points away from the 

equilibrium distance have lower weight. A polynomial is then generated by the FIT program as 

the repulsive potential. This repulsive potential has to be tested by adding to the SK file, and 

reproduce the DFT energy curve. Finally, these polynomials are converted to splines for use in 

other DFTB programs. 

In order to get the best performance of the new DFTB parameters in modelling the in-

situ oil upgrading, the molecules used for the fitting must be properly chosen so that they have 

similar interatomic bonding to the systems of interest. The reference molecules used for the 

fitting of the repulsive potentials are listed in Table 5.2. The fitting results are not entirely shown 

here; as an example, the fitting of the H-H repulsive potential is shown in Figure 5.1.  
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Table 5.2 The Slater-Koster files and the reference molecules used for the fitting of 

repulsive potentials 

SK Parameter Reference system 

Mo-C hcp-Mo2C
33

 

Mo-O MoO3 

Mo-H MoH6 (prism, C3v) 

Mo-Si MoH5SiH3 

Mo-Mo fcc-Mo
34

 

C-C C2H2, C2H4, C6H6, C2H6 

C-H CH4 

C-O CH3OH, CO, CO2 

H-O H2O 

H-H H2 

O-O O2 

O-Si H4SiO4 

Si-Si Si2H6 

Si-H SiH4 

Si-C SiH3CH3 
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Figure 5.1 Fitting of the H-H DFTB repulsive potential. Ebnd and Edftb are the DFTB 

energies calculated without and with the fitted repulsive potential. The expression on the 

top is the functional form of the H-H repulsive potential (Erep). 

The limitation of the DFTB method implies that it is hardly possible to develop a 

parameter set that works universally for all systems. We balance accuracy and transferability in 

such a way that our parameters are able to predict the common hydrogenation reaction energies 

with close to chemical accuracy. This is done by shifting the Erep curves for both the C-C and C-

H curves simultaneously, which are named SHIFTC-H and SHIFTC-C, respectively. These two 

parameters are then optimized iteratively to get the best hydrogenation energies for DFTB. For 

the hydrogenation reactions on Mo2C, the accuracy of the energies on the potential energy 



 

132 

surface is largely determined by the movement of the H atom on the Mo atoms, in other words, 

the Mo-H parameters. This parameter is optimized by using different reference molecules and 

searching for the best SHIFTMo-H such that DFTB could reproduce the topology of H atoms on 

the Mo2C surfaces (3-fold hollow site, according to DFT calculations
35

), and the dissociative-

adsorption
35

 energies of DFT. In the end, we found that the longer Mo-H bonds in MoH6 (prism, 

C3v) gave the best performance; the relevant benchmarkings are included in the results part.  

5.3 Results and Discussion 

5.3.1 The electronic part 

The new parameter set is able to reproduce the band structures of Mo (bcc), Mo (fcc), 

Mo (sc), MoC (rocksalt) very accurately. Examples are given in Figure 5.2 for Mo (bcc) and 

MoC(rocksalt); other data can be found in the supporting information of the literature
22

. For 

further validation, the band structures of Mo2C (Pbcn) were calculated and compared with the 

band structures obtained with DFT. Since the total energy of DFTB includes the electronic part 

and the repulsive part, the electronic part only needs to have a qualitative match with higher 

order calculations (the parallelism of the band gaps or the orbital energy curves). The error in 

energy can be further cancelled out during the parameterization of the repulsive part. In Figure 

5.2, both DFT and DFTB calculations show that Mo2C has a highly metallic nature with no band 

gaps. DFTB reproduced very well the overlap of the conduction band and the valence band in 

Mo2C.  
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Figure 5.2 The band structure of selected Mo and molybdenum carbide phases calculated 

with DFTB and DFT/PBE; all energies are relative to the Fermi energy. a): Mo(bcc), b): 

Mo(fcc) and c): MoC(rocksalt) are adapted with permission from (J. Chem. Theory Comput. 

2013, 9 (9), 4006-4017) Copyright (2014) American Chemical Society. A clearer picture of 

the Mo2C (Pbcn) band structures d) can be found in Appendix C. 

As far as carbon is concerned, there are two types of carbon atoms in the target 

systems. One is the carbidic carbon in molybdenum carbide, and the other is the organic carbon 

in the hydrocarbon molecules. Therefore the transferability of DFTB to deal with both of these 

carbons has to be tested. The applicability of our parameters to deal with carbidic carbon is 

manifested in the calculation of MoC and Mo2C band energies in Figure 5.2. The extension of 

the DFTB parameters to organic systems is confirmed by comparing the molecular orbital 

energies of a variety of hydrocarbon molecules to first principles calculations (Figure 5.3). We 

use the occupied molecular orbital energies as our validation protocol for the electronic part 

because as equation (5.10) shows, the binding energy (Ebnd) is the sum of all the occupied 
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molecular orbital energies. In all the cases tested, our new parameters are consistently better than 

the published Slater-Koster sets such as mio, which was designed specifically to handle organic 

systems, and mat-sci (Dresden). Interestingly, the SCC correction does little in improving the 

calculated molecular orbital energies.  

 

Figure 5.3 The occupied molecular orbital energies of selected organic molecules: methane, 

ethene, ethane, and benzene calculated from different levels of theories. H-n represents the 

n
th

 molecular orbital lower in energy than the highest occupied molecular orbital (HOMO). 

“Dresden-SCC” refers to the mat-sci SK set. All calculations used the DFT/PBE optimized 

structure.  
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Figure 5.4 The molecular orbital energies of a) MoH6, b) MoO3, and c) MoH5SiH3 

calculated from different levels of theories; H-n represents the n
th

 molecular orbital lower 

in energy than the HOMO. All calculations used the PBE/RMCP optimized structure. 

For validating the quality of the electronic part of the Mo-H, Mo-O, and Mo-Si 

parameters, we also calculated the orbital energies of MoH6 (prism, C3v), MoO3, and MoH5SiH3 

respectively, using both DFT/PBE and DFTB. As Figure 5.4 shows, DFTB could reproduce the 

trends of the orbital energies of DFT in all three molecules. For MoO3, DFTB overestimates the 

LUMO orbital energies compared to DFT and SCCDFTB. The shift of the orbital energies down 

by ~0.5 Hatree can be attributed to the decrease of the electronic repulsion energies due to the 

omission of multi-center interactions in DFTB. Although the Mo-H bonds in MoH6 should have 



 

136 

some ionic nature, it is surprising that the SCC correction does little in improving the 

performance of DFTB. 

5.3.2 Structures 

The new SK set was tested for its accuracy for structures by calculating the bond 

lengths of hydrocarbon molecules and some other non-hydrocarbon molecules. Compared to the 

reference bond distance of DFT/PBE, the error for our DFTB is less than 1.45%, slightly better 

than the mio set (2.30%).  For non-hydrocarbon molecules, our new SK set is almost at the same 

quality as the mat-sci set. The RMS error of 5.25% mostly comes from the MoC (
3
∑

-
) calculation. 

This is not a surprise as standard DFTB is not good at treating open-shell systems. Also, the 

difference of the Mo-C bond between the reference compound and MoC (
3
∑

-
) may also 

contribute to this error. Mo-C parameters are fitted to the hcp-Mo2C lattice structure where the C 

atoms are sitting in the Mo octahedral vacancies. However in MoC (
3
∑

-
), the electronic 

configuration is 10σ
2
11σ

2
5π

4
2δ

2
, with much higher bond order. 

Table 5.3 Selected bond distances and angles 

Property DFT/PBE mio 

(SCC) 

mat-sci 

(SCC) 

new-slako 

(NSCC) 

hydrogen (H2) 

H−H 0.760 0.742 0.743 0.762 

water (H2O) 

O−H 0.974 0.966 0.968 0.965 

methane (CH4) 

C−H 1.101 1.089 1.106 1.103 
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Property DFT/PBE mio 

(SCC) 
mat-sci 

(SCC) 
new-slako 

(NSCC) 
ethane (C2H6) 

C−C 1.534 1.501 1.509 1.521 

C−H 1.104 1.098 1.110 1.108 

ethylene (C2H4) 

C=C 1.342 1.327 1.324 1.336 

C−H 1.097 1.094 1.102 1.098 

ethyne (C2H2) 

C≡C 1.221 1.203 1.207 1.210 

C−H 1.077 1.075 1.082 1.076 

benzene (C6H6) 

C−C 1.454 1.396 1.393 1.409 

C−H 1.097 1.099 1.102 1.099 

CO 

C≡O 1.153 1.100 1.100 1.132 

CO2 

C=O 1.183 1.164 1.172 1.197 

methanol (CH3OH) 

C−O 1.433 1.420 1.461 1.452 

C−H(short) 1.102 1.102 1.108 1.106 

C−H(long) 1.109 1.112 1.118 1.114 

O−H 0.974 0.979 0.969 0.965 
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Property DFT/PBE mio 

(SCC) 
mat-sci 

(SCC) 
new-slako 

(NSCC) 
RMS error in % 

(Hydrocarbons) 

 2.30 2.32 1.45 

Si2H6 

Si−Si 2.356 - 2.229 2.335 

Si−H 1.504 - 1.504 1.519 

H4SiO4 

Si−O 1.661 - 1.687 1.633 

O−H 0.974 - 0.965 0.959 

MoC (
3
∑

-
) 

Mo≡C 1.708 - - 1.566 

Mo (fcc)
b
 

Mo−Mo 2.942 - 2.837 2.870 

Mo2C (hcp)
b
 

Mo−C
a
 2.172 - - 2.211 

Mo−Mo
a
 3.063 - - 3.119 

MoH6 (prism, C3v) 

Mo-H(long) 1.680 - - 1.665 

Mo-H(short) 1.630 - - 1.646 

MoO3 

Mo=O 1.710 - - 1.694 

MoSiH3(CH3)5 

Mo-Si 2.534 - - 2.562 
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Property DFT/PBE mio 

(SCC) 
mat-sci 

(SCC) 
new-slako 

(NSCC) 

RMS error in % 

(non-hydrocarbons) 

- - 7.04 5.25 

a
The average distances, obtained with optimized atomic positions and lattice vectors. 

b
All lattice cell parameters as well as the atomic positions are optimized.  

To test the quality of the DFTB parameters to treat organic hydrocarbons on 

molybdenum carbide clusters, the structures of the Mo3C-benzene pair and the Mo2C-ethylene 

pair were optimized with DFT/PBE and DFTB, and compared in Fig. 5.5. For the Mo3C-benzene 

pair, both the distorted benzene ring and the bonds between the benzene and Mo3C are very close 

for the two methods. However, the two Mo-C bond distances in Mo3C are much closer to each 

other in DFT (they differ by 0.23 Å) than in DFTB (differ by 0.51Å); this is the main 

discrepancy between the two methods. Also, DFTB tends to overestimate the dihedral angle 

between the Mo-Mo-Mo plane and the Mo-Mo-C plane. This is more obvious in the structure of 

the smaller Mo2C-ethylene complex. The DFTB chemisorption bond distance in the Mo2C-

ethylene complex is different from DFT by 0.08 Å, while in the Mo3C-benzene complex, the 

average error of the chemisorption bond distance is less than 0.004 Å.  
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Figure 5.5 The optimized structures of the Mo3C-benzene pair a) and b) and the Mo2C-

ethylene pair c) and d), with DFT/PBE and DFTB, respectively. The H atoms are in white, 

C in grey, and Mo in cyan. The bond distances are labeled with the different colors: C-H 

bonds in black, C-C bonds in red, Mo-C bonds in blue, and Mo-Mo bonds in purple. All 

lengths are in Å. 

5.3.3 Vibrations 

For the benzene molecule and the Mo3C-benzene complex, normal mode analyses 

were performed based on second derivative calculations. The generated vibrational frequencies 

are compared with DFT/PBE results as plotted in Figure 5.6. (The values of the vibrational 
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frequencies can be found in Appendix D). Generally, the DFTB results agree reasonably well 

with the DFT/PBE results. For benzene, the largest deviation comes from the 700-850 cm
-1

 

region which corresponds to the C-C-C out-of-plane modes, and the 1450-1650 cm
-1

 region, 

which corresponds to the associated C-C and C-H stretching movements. The average error for 

benzene is 106.6 cm
-1

. When benzene is bonded to the Mo3C molecule, the out-of-plane modes 

are restrained, giving better agreements with DFT results. The new modes appear in the region 

below 400 cm
-1

 corresponding to the associated movements of the Mo3C-benzene complex; and 

the region above 2800 cm
-1

, the new C-H stretching modes caused by the symmetry breaking of 

benzene after binding with Mo3C. The DFTB results agree quite well in both of these two 

regions. The average error of DFTB for the Mo3C-benzene complex is 96.7 cm
-1

. 
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Figure 5.6 Harmonic vibrational frequencies of Mo3C-benzene complex and benzene 

molecule with DFTB and DFT/PBE. The geometries of the molecules have been optimized 

at the respective level of theories prior to the normal mode analysis.  

5.3.4 Hydrogen dissociative adsorption on Molybdenum Carbide 

The quality of the Mo-H parameters is tested in describing the adsorption of H2 

molecules on the Mo-terminated (0001) surface of a Mo38C19 cluster
28

 cut from α-Mo2C (space 

group: Pbcn). Periodic DFT calculations
35

 have shown that H2 adsorbs dissociatively on the 

three-fold hollow sites of the (0001) surface of Mo2C; among the Hm (a Mo atom under the Mo-

Mo-Mo hollow site), Hc (a C atom under the Mo-Mo-Mo hollow site), and Vc (a vacancy under 

the Mo-Mo-Mo hollow site) sites, H atoms occupy the Hm and Vc sites. Here, two H atoms are 

used for the adsorption in order to keep the system in a closed-shell state. We consider all the 

three combinations of the Hm and Vc sites: Vc-Vc sites, Vc-Hm sites, and Hm-Hm sites (Figure 

5.7). The adsorption energies of the three adsorption configurations are compared to DFT in 

Table 5.4. The average error in the adsorption energy is only 0.9 kcal/mol, although DFTB could 

not follow exactly the trend of site-preferences of DFT. The latter finding is not a surprise 

because the second layers of atoms which define the local environment of the sites are far away 

from the H atoms. Since the DFTB atom-centered orbitals are known to decay rapidly from the 

center of the atom, long-range interactions are essentially handled by the UFF-type dispersion 

term. However the PBE functional form in DFT contains a significant amount of correlation 

effect
36

 in this range to be sensitive enough to the electron density difference in the second layer. 

Also, the correction of PBE by the damped dispersion term
37

 may also contribute to the 

difference between DFT and DFTB. 
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Figure 5.7 The three dissociative adsorption configurations of H2 on Mo38C19: Vc-Vc sites, 

Vc-Hm sites, and Hm-Hm sites calculated from DFTB. The Mo38C19 substrate cluster is 

fixed and all other atoms are allowed to move.  

Table 5.4 The dissociative adsorption energies (in kcal/mol) of H2 on the Mo-terminated 

(0001) surface of a Mo38C19 cluster. 

Configuration DFT/PBE/Dispersion DFTB/Dispersion Error 

Vc-Vc -51.5 -48.0 3.5 

Vc-Hm -41.7 -43.8 -2.1 

Hm-Hm -46.0 -50.1 4.1 

Average -46.4 -47.3 0.9 

a
All structures are optimized at the respective levels of theories; the Mo38C19 substrate cluster is 

fixed and all other atoms are allowed to move. 

 

5.3.5 Hydrogenation/hydrocracking reaction energies and the transition states 

As this parameter set has been mainly developed to study the hydrogenation and 

hydro-cracking reactions of hydrocarbons, its accuracy in calculating the reaction energies of 

various hydrogenation/hydrocracking reactions have been further tested.  
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Table 5.5 ΔRE of selected hydrogenation reactions
a
 (in kcal/mol) 

# Hydrogenation reactions
b
 DFT/PBE DFTB 

1 

 

-51.5 (-41.1)
38

exp -38.2 

2 

 

-40.2 -42.6 

3 

 

5.5 6.8 

4 

 

-34.1 -31.0 

5 

 

-28.2 -31.6 

6 

 

-16.9 -10.9 

7  -14.5 -14.3 

8 

 

-21.4 -16.5 

9  -33.4 -34.3 

10  -14.6 -14.3 

a
No correction for zero point energy was performed. 
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*b
All geometries of the molecules have been optimized at the respective level of theories. 

We selected 10 reactions (Table 5.5), including the hydrogenation of C-C triple bonds 

(#1), and typical double bonds (#2 and #9), the successive hydrogenation of an aromatic ring (#3, 

#4, and #5), and the hydrocracking of C-C single bonds in aliphatic (#6, #7, and #10) and cyclic 

molecules (#8). In most cases, DFTB energies are close to corresponding DFT/PBE energies 

with errors of ~2 kcal/mol. One exception is the hydrogenation of acetylene to ethylene, for 

which the DFT/PBE overestimates the exothermicity of the reaction by ~10 kcal/mol, but DFTB 

gives reasonable results. The hydrocracking of ethane and cyclohexane DFTB have errors of ~5 

kcal/mol compared to DFT/PBE.  

The quality of the DFTB parameters to describe the transition states of hydrogenation 

reactions on molybdenum carbide clusters are verified by comparing to DFT results the 

transition states of benzene hydrogenation reaction on a fixed Mo38C19 cluster. As Figure 5.8 

shows, our DFTB parameter can reproduce the reaction energies of the benzene hydrogenation 

reaction, as well as the reaction coordinates and the energy barriers of both hydrogenation and 

dehydrogenation reactions.  
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Figure 5.8 The reaction paths of benzene hydrogenation on a Mo38C19 MCNP calculated by 

DFT (transition state search) and DFTB (nudged elastic band). The Mo38C19 substrate 

cluster is fixed and all other atoms are allowed to move. “Dispersion” indicates that the 

UFF dispersion coefficients are included in the DFT and DFTB calculations. The reaction 

coordinate is defined as the distance between the incoming H atom and the target C atom 

on the benzene ring.  

5.4 Conclusions 

In this chapter, DFTB parameters for the elements Mo, C, H, were developed to model 

catalytic hydrogenation/hydrocracking of hydrocarbons on MCNPs in hydrocarbon and clay-

containing environments. This is a DFTB parameter set that is developed for hybrid inorganic 

material-organic systems. It takes advantage of the electronic part developed by a semi-

automated parameterization scheme for DFTB for the whole periodic table. Comparison between 

DFT and DFTB of the band structures of various phases of Mo and molybdenum carbide, and 
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the molecular orbital energies of hydrocarbons proved the accuracy of the new Slater-Koster 

tables in electronic structure calculations. The repulsive part was fitted to polynomials using 

appropriate reference molecules. Our parameterization was tested for a set of relevant molecules, 

and shows an accuracy of less than 1.5% error in bond distances for hydrocarbons and 5.25% for 

non-hydrocarbons. It could reproduce the structure and vibrational frequencies of the tested 

hydrocarbon-molybdenum carbide complex from DFT calculations, as well as the dissociative 

adsorption of H2 on the molybdenum carbide surface. The energy benchmarking shows that the 

parameters are close to chemical accuracy for the hydrogenation/hydrocracking reaction energies 

and transition states of the selected hydrogenation reactions.  
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Chapter Six: The Atomistic and Electronic Features of Molybdenum Carbide 

Nanocatalysts in the In-situ Environment: a DFTB and QM(DFTB)/MM Study 

6.1 Introduction 

Nanocatalysts, usually considered as heterogeneous catalysts, are long-established in 

industry due to their unique properties compared with those of the same materials in bulk form. 

In the petrochemical industry, for example, molybdenum carbide nanoparticles (MCNPs) were 

found to have high activity in the conversion of heavy oil and oil sands into lighter 

hydrocarbons.
1
 Not only can they be used in the refinery, they can also be injected into oil 

reservoirs for underground pre-refining to help the upgrading of heavy oil, which is also called 

“in-situ catalysis”
2
.  

In heterogeneous catalysis, the catalyst is usually modeled by either a small cluster of a 

few tens of atoms or by a periodic slab. Along these lines, we have previously reported first-

principles electronic structure calculations on both the Mo38C19 cluster
3
 and the bulk

4
. All of 

these studies, however, may have missed some important features of the reactions on MCNPs. 

First, neither the small cluster nor the periodic studies could reflect the correct local topology of 

the active sites on the MCNPs
5
; both of them used flat surfaces cut from the bulk structure. 

However, it is known that adsorption is a local phenomenon, and the active site topology may 

greatly affect the way the adsorbents interact with the catalyst and their mobility, modifying the 

overall energy profiles. Second, neither of these methods could describe the electronic structural 

characteristics of the MCNPs: the delocalization of electron density over the entire nanoparticle. 

A cluster of tens of atoms is too small, while the periodic model ignores quantum size effects. 

Thirdly, due to the complexity of the surface morphologies of the MCNPs, there may be many 

local minima for the attacking H to adsorb on the potential energy surface. It is very difficult to 
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find the proper reactant site on the MCNPs. Fourthly, and most importantly, traditional methods 

only calculate the energy of the stationary points in the gas phase with the addition of entropic 

corrections within the harmonic-oscillator approximation; while the environment (solvent) is 

often not considered.  

With the motivation of removing these defects of the traditional approach, in this work, 

we present a multi-scale modelling approach to study the MCNP-catalyzed hydrogenation 

reactions under working conditions. We first use a semi-empirical quantum chemical (QM) 

density functional tight-binding (DFTB)
6
 approach to calculate the potential energy surfaces for 

benzene hydrogenation on three MCNPs of different sizes: 1.2 nm, 1.9 nm, and 2.3 nm in the gas 

phase, generating a “picture” of the reactions with potential energy surfaces. Then in our 

approach, the smaller 1.2 nm MCNP was embedded into a solvent environment of 100 benzene 

molecules. Using a combined quantum mechanical and molecular mechanical (QM/MM)
7
 

method and the umbrella sampling
8
 (US) technique, the free energy profiles of benzene 

hydrogenation on the MCNP at 673 K in the model aromatic environment are calculated. With 

this multiscale method, we were able to get a new “picture” of the benzene hydrogenation 

reaction on MCNPs in the in-situ environment. 

6.2 Computational methods 

6.2.1 QM Models and Numerical Methods 

There are two established methods for determining the shape of a particle. It is known 

that the equilibrium shape of a crystal of fixed volume can usually be predicted by the Wulff 

construction
9
, which implies that the area of a particular surface is related to the surface energy.  

However, the Wulff construction is only valid for large particles (> 10 nm)
10

. For small metal 

clusters, when the number of atoms goes beyond 40, the potential energy surfaces become so 
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complicated that global optimization becomes computationally very challenging.
11

 In this work, 

we make an assumption based on the TEM images
5
 that the MCNPs of 2 nm in size are 

amorphous and are roughly spherical. Practically, we define three radii, and cut spherically from 

the bulk of α-Mo2C (Pbcn) with a C atom at the center. The spherical particles were then 

subjected to simulated annealing for a short time (7 ps, Δt=0.1 fs) Born-Oppenheimer molecular 

dynamics (BOMD) (deMonNano
12

) heating to 673 K, followed by a local geometry optimization.  

 

 

Figure 6.1 The original MCNPs cut spherically from the bulk Mo2C without optimization; 

the Mo atoms are green and the C atoms are grey 

0.1 fs was used as the timestep for both DFTB and the later DFTB/MM MD 

simulations for two reasons. There is an empirical equation for determining Δt in DFTB MD 

simulations
13

: 

        √      ⁄  √       (     )⁄  

where mmin is the minimum atomic mass of the system and mH is the mass of the 

hydrogen atom. This equation suggests a timestep of 0.167 fs. Second, our later tests of 0.2 fs as 

the timestep show that the system is unstable. The standard DFTB parameters (without SCC) 
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developed in our previous work were used for all DFTB calculations. UFF type dispersion
14

 

corrections are added to all systems, with the exception of the data in 6.3.3 (for comparison to 

the QM/MM data, for which the QM part does not have a dispersion term implemented). 

Benzene molecules are then added to the selected sites of optimized MC particles, 

followed by another geometry optimization. (The coordinates of the optimized structures of the 

1.2 nm MCNP with adsorbed benzene can be found in Appendix E.) Since these medium-sized 

MC nanoparticles are assumed to be amorphous, it is therefore very difficult to define “active 

sites” as we usually do in surface chemistry. However, previous cluster
3
 and periodic

4
 DFT 

calculations indicate that “Mo-Mo-Mo” 3-fold sites, where benzene interacts with three Mo 

atoms, are the most stable adsorption sites for benzene. Our previous periodic DFT calculations
4
 

also suggest Mo-Mo bridge sites, or 2-fold sites where benzene interacts with two Mo atoms, are 

also good for benzene adsorption. This has been confirmed by test calculations on the adsorption 

of benzene on the MC particles using DFTB. In this work, we consider two types of active sites 

for benzene: 3-fold hollow sites, and 2-fold bridge sites. H2 is assumed to adsorb dissociatively 

on the 3-fold hollow sites of the MC surface with high surface mobility, as previous DFT 

calculations
15

 show. We follow the Horiuti–Polanyi mechanism
16

, and consider only the addition 

to the C atoms on the C6 ring by the closest adsorbed H atoms. The decomposition of the H2 

molecule on the nanoparticle and the diffusion of the H atoms are beyond the scope of our 

current study. The attacking H atoms were introduced by adding them below the target C atom 

by a distance slightly larger than a C-H distance (usually 1.5 Å), followed by another geometry 

optimization. 

A Quasi-Newton algorithm, the Broyden-Fletcher-Goldfarb-Shanno (BFGS) line 

search
17

, was used for all the DFTB geometry optimizations. The convergence criterion is that 
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the force on all individual atoms should be less than 0.015 eV/Å (    |  ⃑⃑ ⃑⃑ |      ). The 

climbing image Nudged Elastic Band (NEB) method
18

 as implemented in Atomic Simulation 

Environment
19

 (ASE) was used to calculate the minimum energy path (MEP) and locate the 

transition state for DFTB calculations. All reaction paths consist of chains of 19 images. The 

spring constants between the images are set to 0.5 eV/Å. The chains of images were optimized 

with the FIRE optimizer
20

, a local atomic structure optimization algorithm, with convergence 

criterion of 0.1 eV/Å.  

The energies of the reacting species   
  are calculated as 

  
          

                  
 

where    ,     , and    
 are the energies of the nanoparticle, benzene and H2 molecules in the 

gas phase, and  

        (   )   
 

with   {

                                 
                                 
                                 

              

For thermal correction, the Hessian matrix of the reactant states, transition state, and 

product states of the QM systems are calculated with DFTB+, and the vibrational modes 

calculated with the Modes code. The internal energy U and the free energy A are calculated with 

the ThermoAnalysis
21

 code using the following equations: 

       ( )    ( )    ( ) 
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where the subscript e, t, r, and v represent the electronic, translational, rotational, and vibrational 

contributions. We define (        ) as the thermal corrections to the electronic energy, and 

(–   ) as the entropy correction to the internal energy with harmonic vibrational analysis. The 

temperatures for all the corrections are 673K. 

6.2.2 QM/MM Models and Numerical Methods 

In the QM/MM potential, we used the additive self-consistent charge (SCC)-DFTB 

/CHARMM interface implemented by Cui et al
7
, with total energy expression as follows: 

     〈 | ̂    ̂  
     

| 〉      
     

      

All MD simulations are performed with the CHARMM
22

 code with time step of 0.1fs. The 

dispersion corrections between QM atoms in the QM/MM calculations are neglected, because 

comparisons of NEB calculations with and without QM dispersion show only marginal 

differences. The van der Waals (VDW) interactions between QM and MM (    
     

) are based 

on the UFF
23

 VDW parameters. Improvements were made by using reference density functional 

theory (DFT) calculations with the GGA-PBE functional, DZVP/GEN-A2 basis and auxiliary set 

and dispersion corrections (See Appendix F). 

In order to study the six elementary hydrogenation reactions in solvent, we take the 

optimized reactant states of the six reactions from the 1.2 nm MCNP QM model, and still treat 

them quantum mechanically in QM/MM. These QM regions are then embedded separately into 

an environment of 100 benzene molecules, which are treated by molecular mechanics using the 

CHARMM force field. The systems were packed into spheres of 3 nm in diameter with 

Packmol
24

 with a distance criterion of 2.0 Å. This ensures that the atoms from different 

molecules keep safe pairwise distances. In all the following QM/MM geometry optimizations 
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and MD simulations, a miscellaneous mean field potential (MMFP) spherical harmonic potential 

of 200 (kcal/mol)/Å is added to restrain the system into a sphere of 3nm in diameter. The 

effectiveness of this boundary potential is manifested by the observation of little change in the 

volume of the system during the MD. The packed systems were then optimized for 500 steps 

with the steepest descent algorithm. Since the purpose of this optimization is to reduce the 

possibly large initial forces on the atoms, convergence has to be attained. 500 steps was 

sufficient for this purpose because the QM region is already optimized before embedding, and 

the relative configurations of the MM benzene molecules are already optimized based on the 

GENCAN algorithm
25

 in Packmol. It was observed that the total energy of the system remains in 

an interval of ±10 kcal/mol after 450 steps of optimization. As an example, the optimized 

embedded reactant state of the 1
st
 hydrogenation reaction is shown in Fig. 6.2. 

 

Figure 6.2 The QM/MM model of 1.2 nm MCNP (Mo atoms in red and C atoms in cyan) 

with adsorbed benzene (in black) and the two dissociated H atoms (in black) embedded in 

the model aromatic solvent. 
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To ensure sufficient sampling for each reaction, the QM regions of the optimized 

systems are temporarily constrained rigidly (CONS FIX in CHARMM), and the MM regions are 

subjected to 50 ps, 100 ps, and 200 ps of MD simulation to generate three different MM starting 

structures. Thus for each of the six hydrogenation reactions, three different starting MM 

configurations are generated, which are named MM1, MM2, and MM3. For each of these MM 

configurations, the system is slowly heated up to 673 K again and equilibrated for 8 ps with a 

time step of 0.1 fs. Afterwards, for each one of the three equilibration trajectories generated 

above, three configurations are randomly picked. This is done by using a random number 

generator to generate three numbers, and assign to each of the trajectories that belongs to the 

same hydrogenation reaction. These starting QMMM configurations are named as QMMM1, 

QMMM2…QMMM9. Using these techniques, we are able to do umbrella sampling calculations 

using nine different starting configurations for each of the hydrogenation reactions. 

Similar to the boundary restraint to the volume of the system, the biased potentials in 

umbrella sampling runs were also achieved by the miscellaneous mean field potential (MMFP) 

keyword in the CHARMM code. Harmonic bias potentials of different force constants were 

added to the six hydrogenation reactions respectively to restrain the systems for the sampling 

along the reaction coordinates. We first used 500 (kcal/mol)/Å
2
 to test on the 1

st
 hydrogenation, 

and found good overlap among the umbrella windows. The rest of the five forces were 

determined based on the relative height of the potential energy barriers to the 1
st
 hydrogenation. 

The reaction coordinates (z) are defined as the distances between the incoming H atom and the 

corresponding C atom in the C6 ring.  

Ideally, the sequential or serial umbrella sampling is the best option, i.e., starting the 

next window based on the configuration of the previous window. However, because of the large 
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number of windows and the computational efficiency, we use the parallel umbrella sampling 

strategy; in other words, all windows are independent. All umbrella sampling windows start with 

the optimized reactant states as described earlier (Fig. 6.2). A shell script is used to loop over the 

reaction coordinate (z) values or C-H distances from zmin to zmax, to generate the corresponding 

windows. Two batches of windows are used. For the first batch, the first window has an 

equilibrium C-H distance of zmin = 1.00 Å for the biased harmonic potential (note: a C-H bond is 

usually 1.10 Å.). The next window is always larger than the previous one in reaction coordinate 

by 0.10 Å, until the last window of zmax (The zmin and zmax values for all the reactions are given in 

Table 6.1). The force constants for these windows are called KA. To ensure effective overlap of 

the calculated potential of mean force (PMF) close to the transition states, a second batch of five 

windows are added at 1.35 Å, 1.45 Å, 1.55 Å, 1.65 Å, and 1.75 Å, with force constants of KB to 

ensure sufficient sampling around the transition states. The total number of windows depends on 

the length of the reaction coordinate, which is determined using the reaction coordinate of the 

optimized QM local minima as a guide. The zmin, zmax, and force constants KA and KB of the 

reactions are listed in Table 6.1. 
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Table 6.1 Umbrella sampling parameters for the six hydrogenation reactions (named as 

hydro1-6); the force constants KA and KB are in (kcal/mol)/Å
2
. 

Reactions Hydro1 Hydro2 Hydro3 Hydro4 Hydro5 Hydro6 

zmix (Å) 1.0 1.0 1.0 1.0 1.0 1.0 

zmax (Å) 3.4 2.9 2.6 2.9 2.9 2.5 

#win 30 25 22 25 25 21 

KA 500 800 600 800 800 1200 

KB 800 1000 800 1000 800 1000 

zWHAM (Å) 0.8-3.6 0.6-3.4 0.6-3.0 0.8-3.4 0.6-3.4 0.8-3.0 

 

Note: #win means the total number of umbrella sampling windows for each reaction. zWHAM 

means the range of the reaction coordinate analyzed by the WHAM method (required in the 

WHAM input files). KA is for the reaction coordinates of zmin, zmin+0.1Å, zmin+0.2Å, … zmax; and 

KB is used for 1.35Å, 1.45Å, 1.55Å, 1.65Å, and 1.75Å. 

For each umbrella sampling window, the system is first heated up to 673 K and 

equilibrated using the Gaussian velocity reassignment method (1.5 ps), and then subjected to 3.0 

ps of Nose-Hoover dynamics (TREF=673K, QREF=500, NCYC=5) to ensure strict NVT 

ensembles. After the MD simulations, the biasing forces applying to the system by MMFP were 

recovered with the weighted histogram analysis method (WHAM) to get the PMF. The WHAM 

code from Prof. T. Allen
26

 (2003) was used, and the convergence criteria for the free energies 

were set to 0.001 kcal/mol with bin size of 0.01 Å. The ranges of the reaction coordinates that 

WHAM was applied are listed in Table 6.1. The first 2000 data points are skipped to avoid initial 

disturbance caused by switching the temperature control method from Gaussian velocity 
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reassignment to Nose-Hoover. To calculate the overall PMF, the windows with the same 

equilibrium reaction coordinate (z) from umbrella samplings with different starting 

configurations are combined, and then subjected to a WHAM analysis with the same parameters 

as indicated previously.  

6.3 Results and Discussion 

6.3.1 The relaxed MCNPs 

All of the MCNPs change from the ordered bulk structure to distorted structures after 

the simulated annealing (Fig. 6.3). The magnitude of structural change depends on their sizes. 

The smaller 1.2 nm MCNP undergoes more change than the other larger ones. Besides the 

reorganization, there is also a little shrinking of the MCNPs, which is most obviously reflected 

by the largest 2.3 nm one.  

 

Figure 6.3 The MCNPs subjected to simulated annealing; the Mo atoms are green and the 

C atoms are grey 

One of the most important indicators of the electronic structure of catalysts is probably 

the band gap (for bulks) or HOMO-LUMO gaps (for molecules) The HOMO-LUMO gaps of the 

three MCNPs are calculated as shown in Table 6.1. It is usually believed that the smaller the 

nanoparticle, the larger the HOMO-LUMO orbital gap. As the size increases and HOMO and 
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LUMO orbitals form the valence band and the conduction band, the gap narrows. The calculated 

HOMO-LUMO gaps of the MCNPs follow this trend. However, for transition metal clusters, the 

non-metal to metal transition occurs at quite small cluster sizes, for example Ni at n= 16 and Pt 

at n=60.
27

 Considering the sizes of the three nanoparticles, they should have fairly small HOMO-

LUMO gaps and the electronic structure change should not be very significant. Indeed, as Table 

6.2 shows, all three nanoparticles have very small HOMO-LUMO gaps; they are all metallic. 

Table 6.2 DFTB HOMO-LUMO gaps of the MCNPs 

Size of MCNP (nm) 1.2 1.9 2.3 

HOMO-LUMO gap (eV) 0.0047 0.0028 0.0012 

 

6.3.2 Benzene hydrogenation on plain MC nanoparticles in the gas phase 

The calculated potential energy profiles of benzene hydrogenation on selected sites of 

the three MCNPs are shown in Fig. 6.4. For both sites of the three MC particles, most of the 

hydrogenation reactions are endothermic, and the overall exothermic nature of benzene 

hydrogenation on the transition metal catalysts is due to the release of energy from benzene and 

H2 adsorption. This is consistent with benzene adsorption reactions on Pt
28

 and Pd
29

 from DFT 

calculations. 
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Figure 6.4 The potential energy profile (       , where                   
) of 

benzene hydrogenation on different sites and sizes of MCNPs 
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Figure 6.5 The optimized structures of the consecutive steps of benzene hydrogenation on a 

3-fold site of the 1.2 nm MCNP. 

Following the Langmuir-Hinshelwood mechanism, the reactions start with the 

adsorption of benzene, and are followed by co-adsorption of H2 on the MCNPs (Fig. 6.5b and 

6.5c). For the adsorption of benzene and dissociative adsorption of H2 on MCNPs, the choice of 

active sites is more important than that of the size of the nanoparticles. This is reflected by the 
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relative closeness of the two two-fold sites (black and green) curves and the three-fold site 

curves (red and blue) in Figure 6.4. 

In all the five reaction path curves in Fig. 6.4, the first hydrogenation reaction usually 

has a small barrier, while the second one has a higher barrier. There are two reasons for this. 

First, the aromaticity of benzene is broken upon adsorption, so the addition of the first hydrogen 

does not have to overcome a high barrier. Second, when the benzene is adsorbed, the distances 

between the C6 ring and the catalyst surface is the lowest during the hydrogenation processes. On 

either a 3-fold site or a 2-fold site, there is always a C atom (C1 in Fig 6.5c) that is not 

interacting directly with any Mo atoms, but is very close to a 3-fold site that is made up of two 

Mo atoms on the first layer (Mo1 and Mo2 in Fig 6.5c) and a second layer Mo (Mo4 in Fig 6.5c). 

The initial H-C distance in this case is usually much smaller, making it more convenient for the 

first hydrogenation reaction to occur compared to other hydrogenation reactions.  

Once the first H takes a good position and attacks a non-direct-binding C atom, the 

second hydrogen is left with direct-binding C atoms (C2 and C6 in Fig 6.5d). Also adsorbing on 

a 3-fold site, the second H usually is further away from the target direct-binding C atom (C2 in 

Fig 6.5d), typically further than 2.7Å. The second H therefore has to “climb” around the Mo 

atom that interacts directly with target C atom for the hydrogenation.  

For the third and fourth hydrogenation, although in most reaction paths studied, the 

two H atoms have a similar situation as the first and second H atoms, the C6 ring usually 

undergoes readjustments such as rotation after the first and second hydrogenation, moving the 

target C atoms to various different locations. The 3-fold positions for H adsorption either no 

longer exist or they do not have the ideal position for hydrogenation, and as a result, other 

adsorption sites that are closer to the target C have to be used. For example in the 3
rd
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hydrogenation step on a three-fold site of 1.2nm MCNP, the 3
rd

 and 4
th

 H atoms are both on the 

top sites of Mo1 (Fig 6.5e). Later, for the 4
th

 hydrogenation to happen, the 4
th

 hydrogen has to 

travel from the Mo1 top site (Fig 6.5e) to the Mo3 top site (Fig 6.5f). All these factors come into 

play in the third and fourth hydrogenation, and make the potential energy profiles of these two 

elementary steps less ordered than the first and second hydrogenations. 

After the first four hydrogenation reactions are finished, the C6H10 molecule usually 

adsorbs on the MCNP such that the remaining two CH groups interact with one single Mo atom 

(Fig 6.5g). This state, upon the fifth hydrogenation, is changed to a state that has only one C 

atom interacting directly with the Mo atom, but with a closer distance, indicating a stronger C-

Mo interaction. This enhancement of one C-Mo interaction compensated for the breaking of the 

other C-Mo interaction. This is reflected by the generally small barriers for the fifth 

hydrogenation. The last hydrogenation reactions in all the reaction paths have quite high and 

consistent barriers. This is because in all the reaction paths studied, the last hydrogen has to 

break similar C-Mo bonds between the C of the last CH group and the Mo atom that it is directly 

interacting with (Fig 6.5h), and forms cyclohexane, for which no direct C-Mo interaction exists 

anymore (Fig 6.5i).  

In most of the studied benzene hydrogenation reaction paths, the additions of second H 

to produce cyclohexadiene or the sixth H to produce cyclohexane have the highest barriers 

among all the steps. At the end of the six hydrogenation reactions, we observed that the structure 

of the MCNP changed compared to the initial state before reaction. The MCNP thus has to have 

a “regeneration” step to close the catalytic cycle. Benzene hydrogenation on isolated MCNPs can 

be summarized as a catalytic cycle shown in Fig 6.6. 
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Figure 6.6 The Horiuti-Polanyi type catalytic cycle of benzene hydrogenation on MCNPs. 

At this point, we’ve successfully carried out studies following the traditional way of 

thinking in computational heterogeneous catalysis. However, this is not the end of the story. The 

main target of the thesis is to go beyond the traditional thinking, and find what was missing 

between the traditional way of modelling in heterogeneous catalysis and the reality in nature. 

Specifically, we would like to know how the solvent and the entropy of the system contribute to 

these nanoscale solid/liquid heterogeneous reactions.  

In the next section, with the thermal corrections based on vibrational analysis, the 

above unsolvated reactions on the 1.2 nm MCNP will be compared to the corresponding solvated 

reactions from QM/MM umbrella sampling, to reveal more features of the reactions.  
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6.3.3 Benzene hydrogenation on the 1.2nm MC nanoparticle in the model aromatic solvent 

In this section, the degrees of freedom related to the Helmholtz free energy A (or PMF) 

of benzene hydrogenation reaction on the 1.2 nm MCNP from different starting configurations in 

QM/MM umbrella sampling are presented. The scope also includes the quantities from the 

traditional method of geometry optimization + NEB-MEP search + vibrational analysis and 

thermal correction. The electronic energy (E), subjected to thermal corrections for energy 

components, leads to the internal energy (U); the entropy corrections to the internal energy (U) 

with vibrational analysis gives the Helmholtz free energy (A). Focusing on the comparison 

among these quantities, and the comparison of the free energy from the QM system with 

vibrational analysis to the free energy (PMF) of the solvated system, the six hydrogenation 

reactions will be discussed one by one.  

For each reaction, since the PMFs from different configurations are essentially 

describing the same state on the reaction coordinate, they can be combined into one overall PMF 

curve statistically with WHAM. We will use this overall PMF curve for our discussion. Among 

the individual PMF curves with different starting configurations, the differences in the absolute 

values of the free energies come from aligning the free energy fragments from the unbiased 

distributions of each window into one overall PMF curve in WHAM; therefore they are purely 

numerical artifacts. For this reason, the PMF curves can be shifted up/down without changing the 

physical meaning of them. We present these individual PMF curves only to show the 

convergence of our umbrella sampling. 

Since all of the quantities we are discussing are state functions, a reference state has to 

be defined. For the free energy, we define the lowest point on the overall-PMF as zero. For the 

potential energy, internal energy, and free energy curves of the QM system, we put them in such 
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a way that the point corresponding to the reaction coordinate (z) of the reactant state matches 

with that of the overall PMF curve from QM/MM umbrella sampling. There are two reasons for 

this. First, this allows us to compare the shape and the barriers of the reaction profiles at different 

reaction coordinate in a more meaningful way. Second, this is a relatively well-defined state, as 

all the QM/MM umbrella samplings windows start with the configuration with the QM region 

similar to the reactant states of the QM calculations. 

6.3.3.1 The addition of the first hydrogen 

 

Figure 6.7 Calculated PMF of the first hydrogenation reactions from different starting 

configurations. “MM” means the MM configuration of the solvent benzene molecules; 

“QMMM” means the overall configuration of the whole system, including both the QM 

region and the MM region. U and A are calculated from the thermal analysis of the QM 

system on the minimum energy path (MEP). 
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Looking at the PMF curves from umbrella sampling with different starting 

configurations (the 9 dashed curves named as PMF-MMi-QMMMj in Fig 6.7), one can see that 

the PMF curves are largely parallel with one another. Considering that they are from different 

starting configurations in a random way, we can say that the umbrella sampling calculations have 

largely converged. Among the solvent configurations (MM1, MM2, and MM3), no clear 

difference can be found from the PMF curves of the umbrella samplings. Therefore the exact 

configurations of the solvent molecules are not important for the reaction. The barriers of the 

individual PMF and the overall PMF for the first hydrogenation reaction are summarized in 

Table 6.3. 

Table 6.3 Free energy barriers (ΔA) for the first hydrogenation reaction from umbrella 

sampling with different starting configurations and the combined PMF from WHAM. 

Starting 

Configuration 

MM1-

QMMM1 

MM1-

QMMM2 

MM1-

QMMM3 

MM2-

QMMM4 

MM2-

QMMM5 

ΔAforward (kcal/mol) 19.3 19.2 16.2 18.6 16.4 

ΔAreverse (kcal/mol) 9.1 8.3 9.2 11.2 11.1 

Starting 

Configuration 

MM2-

QMMM6 

MM3-

QMMM7 

MM3-

QMMM8 

MM3-

QMMM9 

Overall 

PMF 

ΔAforward (kcal/mol) 16.8 19.7 16.8 18.1 17.6 

ΔAreverse (kcal/mol) 9.9 10.5 7.4 9.0 9.4 

 

Next, we focus on the overall PMF (the thick black curve made up of “×” symbols) 

obtained from combing all the sampled states. The hydrogenation product state has a C-H 

distance of 1.1-1.2 Å, similar to the results found on the MEP of the unsolvated MCNP. 
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However, the initial reactant states are not the same between the two systems. On the MEP of the 

unsolvated reaction, a C-H distance of 1.8 Å was found for the reactant state. However, QM/MM 

umbrella sampling shows that this is a not a stable local minimum under working conditions. 

Because of the complexity of the surface of the MCNP, the movements of the Mo atom on the 

MCNP could easily lead to the change of the local topology of the active site for H adsorption. In 

other words, under working conditions, the active sites of the H adsorption positions on the 

MCNPs may form and disappear dynamically because of solvation and entropic effects.  

Table 6.4 The relative thermodynamic quantities for the first hydrogenation reaction, with 

the reactant state from QM-NEB calculation as reference. (“R” means reactant state with 

reaction coordinate (z) predicted by QM-NEB, “TS” means transition state, and “P” means 

product state; all units in kcal/mol) 

States E(QM-

NEB) 

U(QM-

Thermal) 

A(QM-

Thermal) 

A’(QM/MM-

US) 

A’- A 

R(QM-NEB) 0.0 0.0 0.0 0.0 0.0 

TS 13.3 8.1 6.3 7.9 1.6 

P 5.2 4.4 -2.3 -0.3 2.0 

 

As Table 6.4 shows, the thermal correction to the electronic energy (        ) 

greatly lowered the ΔE barrier from 13.3 kcal/mol to 8.1 kcal/mol. Among the three terms, the 

vibrational contribution to the internal energy    is the dominant factor, which makes up over 99% 

of the correction. The entropy corrections (mostly from   ) with the harmonic approximation not 

only further lowered the barrier to 6.3 kcal/mol, but also greatly stabilized the product state by 

6.7 kcal/mol.  Comparing the free energies obtained by QM-Thermal and QM/MM-US, there is a 

difference of 1.6 kcal/mol to the transition state, and a 2.0 kcal/mol difference in the product 
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state. Also, there is a fairly large discrepancy between the shape of the free energy profile and 

the potential energy profiles, most obviously manifested by the difference in the transition state 

structures of the two methods (0.22Å). These can be attributed to the contribution of the entropy 

of the system, including the solvent. Under working conditions, the entropy of the MCNP and 

the solvent molecules could affect the reaction during the entire course of the reaction coordinate. 

The approaching of the H atom to the target C atom causes the irreversible entropic relaxation of 

the MCNP and probably the solvent. Evidence suggesting the coupling of the movements of H 

atoms and Mo atoms during the hydrogenation is the low imaginary frequency (-288.7 cm
-1

) of 

the transition state, resulting from the combination of the formation of a C-H bond and the 

bending of the benzene ring which changes the lengths of several Mo-C bonds.  
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6.3.3.2 The addition of the second hydrogen 

 

Figure 6.8 Calculated free energy profiles of the second hydrogenation reactions from 

different starting configurations. “MM” means the MM configuration of the solvent 

benzene molecules; “QMMM” means the overall configuration of the whole system, 

including both the QM region and the MM region.  

 

As Table 6.5 shows, all PMF curves from different starting configurations have similar 

barriers, except for MM2-QMMM4, which is larger and MM3-QMMM8, which is slightly 

smaller. Looking at the overall PMF curve, the addition of the second hydrogen has a relatively 

high barrier (Fig. 6.9), with an overall barrier of 33.9 kcal/mol (Table 6.5). The QM geometry 

optimization and the QM/MM-US predicted similar reactant states with z ≈ 2.8-2.9 Å. 
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The hydrogenation process can be divided into two stages. In the range of z = (2.8Å, 

1.8Å ) when the H atom is at the early stage of approaching the target C atom, the traditional 

MEP from NEB has a much steeper shape than the PMF from umbrella sampling. However, in 

the range of z = (1.8 Å, 1.0 Å), the situation is the inverse, and MEP is less steep than PMF. The 

PMF obtained from umbrella sampling seems to “smooth out” the inflection points of the MEP. 

This difference in the shape of the MEP and PMF can be attributed to the entropic relaxation of 

the whole system (including the solvent) at the working temperature. Both methods predicted 

similar transition state structures with z ≈ 1.5 Å. Visualization of the mode with the imaginary 

frequency of the transition state (-1244.8 cm
-1

) shows that it involves the scissoring movement of 

the Mo-H bond with respect to the Mo-C bond, which ends up with the breaking of the Mo-H 

bond and the formation of a C-H bond. 

Table 6.5 Free energy barriers (ΔA) for the second hydrogenation reaction from umbrella 

sampling with different starting configurations and the combined PMF from WHAM. 

Starting 

Configuration 

MM1-

QMMM1 

MM1-

QMMM2 

MM1-

QMMM3 

MM2-

QMMM4 

MM2-

QMMM5 

ΔAforward (kcal/mol) 36.3 36.7 35.3 38.3 34.7 

ΔAreverse (kcal/mol) 9.8 9.4 10.1 10.6 12.6 

Starting 

Configuration 

MM2-

QMMM6 

MM3-

QMMM7 

MM3-

QMMM8 

MM3-

QMMM9 

Overall 

PMF 

ΔAforward (kcal/mol) 33.3 32.0 29.8 33.5 33.9 

ΔAreverse (kcal/mol) 11.4 11.3 12.6 12.6 11.0 
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As Table 6.6 shows, the thermal correction to the electronic energy (mostly from   ) 

decreases the transition state energy by 4.2 kcal/mol, but has little effect on the product state 

(+0.7 kcal/mol). The same is true for the entropy correction (mostly from   ) with the harmonic 

approximation, with -1.2 kcal/mol for the transition state, and -0.7 kcal/mol for the product state. 

Despite the fact that the transition state structures predicted by the two methods have similar (z) 

values (Fig 6.8), the free energies for the states are quite different, with +7.7 kcal/mol for the 

transition state, and +12.1 kcal/mol for the product state. This suggests that the anharmonic 

vibrational entropy of the nanoparticle and the entropy of the solvent make fairly large 

contributions to this reaction. 

Table 6.6 The relative thermodynamic quantities for the second hydrogenation reaction, 

with the reactant state from QM-NEB calculation as reference. (“R” means reactant state 

with reaction coordinate (z) predicted by QM-NEB, “TS” means transition state, and “P” 

means product state; all units in kcal/mol). 

States E(QM-

NEB) 

U(QM-

Thermal) 

A(QM-

Thermal) 

A’(QM/MM-

US) 

A’- A 

R(QM-NEB) 0.0 0.0 0.0 0.0 0.0 

TS 31.5 27.3 26.1 33.8 7.7 

P 23.0 23.7 23.0 10.9 12.1 
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6.3.3.3 The addition of the third hydrogen 

 

Figure 6.9 Calculated free energy profiles of the third hydrogenation reactions from 

different starting configurations. “MM” means the MM configuration of the solvent 

benzene molecules; “QMMM” means the overall configuration of the whole system, 

including both the QM region and the MM region.  

 

Among the PMF curves from different starting configuration, the MM2-QMMM4 has 

larger barriers than the other ones and the overall PMF (Table 6.7). For the addition of the third 

hydrogen, the overall PMF has a free energy barrier of 26.2 kcal/mol. Similar to the first 

hydrogenation reaction, the traditional geometry optimization predicted a reactant state far from 

that obtained by QM/MM umbrella sampling (Fig. 6.10). There is a difference of 0.8 Å for the 

reaction coordinate, and almost 20 kcal/mol difference between the reactant state predicted by 
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geometry optimization and QM/MM umbrella sampling. To rule out the possibility of a loose 

convergence criterion, the optimization convergence criterion for the force was reduced to 

0.0001 eV/Å (or 3.67 × 10
-7

 Hartree/Å), but still yields a state very near with an energy decrease 

of only 0.016 kcal/mol. This suggests that at high temperature, this local minima obtained by 

geometry optimization may not exist, because of the entropic effect of the nanoparticles and the 

solvent. The irreversible entropic relaxation of the system may change the local topology of the 

nanoparticle, causing the H atoms to move from z =1.8 Å to about 2.5 Å. 

Table 6.7 Free energy barriers (ΔA) for the third hydrogenation reaction from umbrella 

sampling with different starting configurations and the combined PMF from WHAM. 

Starting 

Configuration 

MM1-

QMMM1 

MM1-

QMMM2 

MM1-

QMMM3 

MM2-

QMMM4 

MM2-

QMMM5 

ΔAforward (kcal/mol) 24.2 24.0 28.7 30.0 24.5 

ΔAreverse (kcal/mol) 18.2 14.0 15.3 14.1 14.2 

Starting 

Configuration 

MM2-

QMMM6 

MM3-

QMMM7 

MM3-

QMMM8 

MM3-

QMMM9 

Overall 

PMF 

ΔAforward (kcal/mol) 25.4 27.8 27.4 26.2 26.2 

ΔAreverse (kcal/mol) 13.5 14.9 15.8 17.3 15.1 

 

If we consider the approach of H from z = 1.8 to z = 1.15, the transition state has an 

imaginary frequency of -1255.7 cm
-1

, showing the same type of scissoring motion of the Mo-H 

bond and a Mo-C bond as the second hydrogenation reaction. The reaction coordinate of the 

transition state is different by 0.10 Å between the two methods. Both methods predict a very 

small barrier of only a few kcal/mol, and the addition of the third hydrogen to be a fast reaction. 
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This is in agreement with the high energy and unstable nature of the adsorbed reactant C6H8 from 

our previous DFT studies.
3
 Considering the entire region of z = 2.4 Å to z = 1.2 Å, the free 

energy barriers of the reaction mostly come from the movement of the H atom from an 

unfavorable distance to a favorable position on the unordered surface of the MCNP in the solvent. 

This again proves our earlier judgement that the surface topologies of the MCNPs are very 

important for their catalytic activities. 

As Table 6.8 shows, for this elementary reaction, the thermal corrections to the energy 

(mostly from   ) lowered the potential energy barrier by 4.4 kcal/mol, but did not affect the 

product state very much (+0.7 kcal/mol). Inversely, the entropic correction (mostly from   ) with 

the harmonic approximation made little contribution to the transition state (+0.6 kcal/mol), but 

affected the product state more (+1.3 kcal/mol). Comparing the free energies obtained by the two 

methods, the one from QM/MM-US is different from the thermal and harmonic entropy 

corrected one by 3.2 kcal/mol for the transition state, and -3.1 kcal/mol for the product state. 

These differences can be attributed to the anharmonic vibrational entropy of the QM region and 

the solvent effect. 

Table 6.8 The relative thermodynamic quantities for the third hydrogenation reaction, with 

the reactant state from QM-NEB calculation as reference. (“R” means reactant state with 

reaction coordinate (z) predicted by QM-NEB, “TS” means transition state, and “P” means 

product state; all units in kcal/mol). 

States E(QM-

NEB) 

U(QM-

Thermal) 

A(QM-

Thermal) 

A’(QM/MM-

US) 

A’- A 

R(QM-NEB) 0.0 0.0 0.0 0.0 0.0 

TS 7.7 3.3 3.9 7.1 3.2 

P -2.9 -2.2 -0.9 -4 -3.1 
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6.3.3.4 The addition of the fourth hydrogen 

 

Figure 6.10 Calculated free energy profiles of the fourth hydrogenation reactions from 

different starting configurations. “MM” means the MM configuration of the solvent 

benzene molecules; “QMMM” means the overall configuration of the whole system, 

including both the QM region and the MM region.  

 

For the fourth hydrogenation, the PMF curves from different starting configurations 

are not as ordered as for the other reactions, although they are largely parallel with one another 

(Fig 6.10). The “bumpy” region of z = (2.9 Å, 1.8 Å) exists because the further the H atom is 

away from the target C atom, the less well-defined the system is. As we only constrained the C-

H distance, the H atom could be in different situations for the constrained MD simulations with 
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different starting configurations. From Table 6.9, we can find one starting configuration (MM1-

QMMM1) with a much smaller ΔAreverse (13.7 kcal/mol) than the others and the combined 

overall PMF (22.5 kcal/mol). This, however, does not affect much the quality of the overall PMF, 

because of the statistical accumulation of the sampled states from all the different starting 

configurations in WHAM. Clearly, the free energy barriers of the overall PMF is distinctly 

different from the one from the MM1-QMMM1 configuration. 

Table 6.9 Free energy barriers (ΔA) for the fourth hydrogenation reaction from umbrella 

sampling with different starting configurations and the combined PMF from WHAM. 

Starting 

Configuration 

MM1-

QMMM1 

MM1-

QMMM2 

MM1-

QMMM3 

MM2-

QMMM4 

MM2-

QMMM5 

ΔAforward (kcal/mol) 28.1 28.2 23.3 29.2 24.3 

ΔAreverse (kcal/mol) 13.7 24.1 24.0 25.8 22.7 

Starting 

Configuration 

MM2-

QMMM6 

MM3-

QMMM7 

MM3-

QMMM8 

MM3-

QMMM9 

Overall 

PMF 

ΔAforward (kcal/mol) 30.9 25.5 25.9 25.5 25.1 

ΔAreverse (kcal/mol) 20.5 24.5 26.0 25.6 22.5 

 

As Fig 6.10 shows, both methods predicted similar reactant state and product state in 

terms of the reaction coordinate with z ≈ 2.8 Å. However, there is difference of 0.10 Å between 

the reaction coordinates of the transition state from the two methods. The relatively small 

difference in ΔTSz (similar to the third hydrogenation, but different from the first hydrogenation) 

is because of the small contribution from the movements other than the C-H vibration, as 

indicated by the frequency (-1414.7 cm
-1

).  In the vibrational mode of the imaginary frequency, a 
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scissoring movement very similar to the second and third hydrogenations was found, except that 

in the fourth hydrogenation the target C atom is a little further away from the Mo. Therefore, 

when the H forms a C-H bond with the target C atom, one can only observe the tilting up of the 

other C-H bond (the one already existing), but there is not much change in the C-Mo distance. 

Since the C-Mo vibrational frequency is usually below 400 cm
-1

 (discussed in Chapter 5), the 

imaginary frequency of the fourth hydrogenation is slightly higher than that of the second (-

1255.8 cm
-1

) and third (-1244.7 cm
-1

), because of the loss of the coupling with the C-Mo low 

frequency vibrations. 

Thermal corrections (mostly from   ) to the potential energy are relatively small for 

the transition state (-1.5 kcal/mol), but larger for the product state (+3.7 kcal/mol). The entropy 

correction (mostly from   ) with the harmonic approximation also contributed -0.9 kcal/mol and 

+1.7 kcal/mol to the free energies of the transition state and the product state. Despite these 

corrections, there is still quite a large difference between the free energies calculated with the 

two methods: 6.5 kcal/mol for the transition state, and 6.2 kcal/mol for the product state, because 

of the anharmonic vibrational entropy of the QM region and the solvent effect.  

Table 6.10 The relative thermodynamic quantities for the fourth hydrogenation reaction, 

with the reactant state from the QM-NEB calculation as reference. (“R” means reactant 

state with reaction coordinate (z) predicted by QM-NEB, “TS” means transition state, and 

“P” means product state; all units in kcal/mol). 

States E(QM-

NEB) 

U(QM-

Thermal) 

A(QM-

Thermal) 

A’(QM/MM-

US) 

A’- A 

R(QM-NEB) 0.0 0.0 0.0 0.0 0.0 

TS 20.8 19.3 18.4 24.9 6.5 

P 10.7 14.4 16.1 22.3 6.2 
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6.3.3.5 The addition of the fifth hydrogen 

 

Figure 6.11 Calculated free energy profiles of the fifth hydrogenation reactions from 

different starting configurations. “MM” means the MM configuration of the solvent 

benzene molecules; “QMMM” means the overall configuration of the whole system, 

including both the QM region and the MM region.  

 

As Fig 6.11 shows, the PMF curves from MM3-QMMM8 is the only one that does not 

follow the trend of the PMF of the other starting configurations in the region of z = (2.3 Å, 1.9Å).  
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However in Table 6.11, this PMF curve has similar free energy barriers to other PMF curves. 

Rather, it is the MM1-QMMM2 PMF curve that has the most discrepancy of its free energy 

barriers compared to the overall PMF. 

Table 6.11 Free energy barriers (ΔA) for the fifth hydrogenation reaction from umbrella 

sampling with different starting configurations and the combined PMF from WHAM. 

Starting 

Configuration 

MM1-

QMMM1 

MM1-

QMMM2 

MM1-

QMMM3 

MM2-

QMMM4 

MM2-

QMMM5 

ΔAforward (kcal/mol) 20.5 27.0 21.7 23.1 24.2 

ΔAreverse (kcal/mol) 13.5 14.0 15.1 12.4 13.3 

Starting 

Configuration 

MM2-

QMMM6 

MM3-

QMMM7 

MM3-

QMMM8 

MM3-

QMMM9 

Overall 

PMF 

ΔAforward (kcal/mol) 20.0 21.5 21.9 21.9 21.7 

ΔAreverse (kcal/mol) 13.2 12.5 13.3 13.4 13.3 

 

For the fifth hydrogenation, both methods predict similar transition state structures 

with z = 2.7 Å-2.8 Å. This reaction is similar to the second and the fourth hydrogenation in many 

respects. In the fifth hydrogenation, the MEP from NEB also shows two distinct regions. In the 

region of z = (2.8 Å, 1.8 Å), the MEP is almost linear, while the PMF is a smooth bent curve. In 

the other region of z = (1.8 Å, 1.1 Å), they have a similar curvature. There is also a difference of 

0.10 Å in the reaction coordinate of the transition state between the two methods. The fifth 

hydrogenation is especially similar to the fourth one in the sense that they have very close 

transition states as indicated by the imaginary frequencies. This is because the target C atom in 
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the fifth hydrogenation is also far away from the Mo atoms, which leads to an imaginary 

frequency of -1490.1 cm
-1

, using the same reasoning as in the previous section. 

As Table 6.12 shows, thermal corrections (mostly from   ) to the potential energy 

correspond to -2.2 kcal/mol to the transition state and +2.9 kcal/mol to the product state. The 

entropy correction (mostly from   ) with the harmonic approximation contributed +1.2 kcal/mol 

and +1.9 kcal/mol to the transition state and the product state, respectively. Comparing the free 

energies obtained with the different methods, they are very similar on the product state (differ by 

-0.4 kcal/mol), but differ more in the transition state (differ by +3.7 kcal/mol).  

Table 6.12 The relative thermodynamic quantities for the fifth hydrogenation reaction, 

with the reactant state from QM-NEB calculation as reference. (“R” means reactant state 

with reaction coordinate (z) predicted by QM-NEB, “TS” means transition state, and “P” 

means product state; all units in kcal/mol). 

States E(QM-

NEB) 

U(QM-

Thermal) 

A(QM-

Thermal) 

A’(QM/MM-

US) 

A’- A 

R(QM-NEB) 0.0 0.0 0.0 0.0 0.0 

TS 18.1 15.9 17.1 20.8 3.7 

P 8.0 10.9 12.8 12.4 -0.4 
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6.3.3.6 The addition of the sixth hydrogen 

 

Figure 6.12 Calculated free energy profiles of the sixth hydrogenation reactions from 

different starting configurations. “MM” means the MM configuration of the solvent 

benzene molecules; “QMMM” means the overall configuration of the whole system, 

including both the QM region and the MM region.  

 

For the sixth hydrogenation, the quality of the overall PMF is also manifested by the 

parallelism of the individual PMF curves from different starting configurations. The PMF curves 

are also “bumpy” from 2.5 Å to 1.9 Å, but become smooth from 1.9 Å to 1.0 Å, although there is 

also a little disturbance close to the product state at z ≈ 1.1 Å. The one that is obviously off 
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from the others is the PMF curve of MM3-QMMM9, with ΔAforward significantly larger than the 

overall PMF curve by 7.4 kcal/mol. 

Table 6.13 Free energy barriers (ΔA) for the sixth hydrogenation reaction from umbrella 

sampling with different starting configurations and the combined PMF from WHAM. 

Starting 

Configuration 

MM1-

QMMM1 

MM1-

QMMM2 

MM1-

QMMM3 

MM2-

QMMM4 

MM2-

QMMM5 

ΔAforward (kcal/mol) 34.2 32.0 33.2 33.9 34.4 

ΔAreverse (kcal/mol) 15.7 11.6 12.3 10.9 13.4 

Starting 

Configuration 

MM2-

QMMM6 

MM3-

QMMM7 

MM3-

QMMM8 

MM3-

QMMM9 

Overall 

PMF 

ΔAforward (kcal/mol) 30.7 38.5 34.8 41.2 33.8 

ΔAreverse (kcal/mol) 16.9 14.7 14.2 12.4 13.3 

 

The reaction coordinates of the initial reactant states are not exactly the same between 

the two methods, with a difference of about 0.2 Å. However, what is most significant is the 

difference in the shape of the MEP and the PMF, and the reaction coordinates of the transition 

states from them (ΔTSz=0.23 Å). The MEP curve is obtuse, while the PMF has a much sharper 

shape. The imaginary frequency (-197.3 cm
-1

) of the transition state is similar to the first 

hydrogenation, but much lower than the other hydrogenation reactions. The vibrational mode of 

this imaginary frequency shows that the addition of the sixth hydrogen mostly involves the 

breaking of a C-Mo bond, i.e. the bond formed by the only CH carbon left and the corresponding 

Mo atom. Most of the energy is used to lift the last C atom from the MCNP surface; the 

attachment of the H atom and the formation of the C-H bond then happen favorably. Because of 
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the great involvement of the C and Mo atoms for this reaction and the first hydrogenation, the 

entropy of the system (including the solvent) has a huge effect on the calculated free energy 

profiles and the transition state structures. 

The thermal correction (mostly from    ) to the potential energy is small for the 

transition state of this reaction (+1.0 kcal/mol) compared to its contribution to the product state 

(4.5 kcal/mol). The entropy correction (mostly from   ) with the harmonic approximation is 

small for both the transition state (+1.0 kcal/mol) and the product state (-0.7 kcal/mol). However, 

the anharmonic vibrational entropy of the nanoparticle and the entropy of the solvent contributed 

to the free energies by +4.6 kcal/mol to the transition state, and -0.7 kcal/mol to the product state. 

Table 6.14 The relative thermodynamic quantities for the sixth hydrogenation reaction, 

with the reactant state from QM-NEB calculation as reference. (“R” means reactant state 

with reaction coordinate (z) predicted by QM-NEB, “TS” means transition state, and “P” 

means product state; all units in kcal/mol). 

States E(QM-

NEB) 

U(QM-

Thermal) 

A(QM-

Thermal) 

A’(QM/MM-

US) 

A’- A 

R(QM-NEB) 0.0 0.0 0.0 0.0 0.0 

TS 24.4 25.4 26.4 31.0 4.6 

P 6.3 10.8 11.2 10.5 -0.7 

 

6.3.4 Entropic effect and nanoscale heterogeneous reactions in solvent 

In an environment that is similar to its working conditions, the 1.2 nm MCNP shows 

some different features from that of the unsolvated MCNP. Among them, the most interesting 

one is the observation of the contribution from the anharmonic vibrational entropy of the 

nanoparticle and the entropy of the solvent in the course of the reactions. They could change the 
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shape (steepness) of the reaction path, modify the free energy barriers, and affect the initial state 

and the transition state structures of the hydrogenation reactions on MCNPs. In particular, the 

more the reaction process is related to the movement of the MCNP (the first and the sixth 

hydrogenation reactions), the more significant the changes of the transition states. These 

observations make us wonder why this phenomenon could happen. 

Let us take one step back, and first think about the plain transition metal nanoparticles 

without surface reactants or the solvent. For transition metal nanoparticles of metallic nature, the 

electrons are highly delocalized, and there are many possible bonding/electronic configurations, 

which leads to the easy change among the geometric configurations (isomers), especially for the 

surface atoms that have higher degrees of freedom than those in the interior of the particle. Li et 

al
30

 imaged the same AuN nanoparticles (where N = 309 ± 6) in several successive frames, and 

found that their structures change at room temperature. The first direct observation of the 

surface-only-fluxionality was recently reported by Sun et al, who found that small Ag (< 10 nm) 

nanoparticles, with high bulk melting point of 962 °C, behave like liquid droplet on the surface 

and deform easily even at room temperature (300 K)
31

, while keeping crystalline cores. The 

deformation of these transition metal nanoparticles are essentially entropic effects, which can 

only be observed in-situ
31

. These findings imply that the entropic effect is an indispensable 

consideration for transition metal nanoparticles even at room temperature. 

What would happen if chemical reactions are to occur on these transition metal 

nanoparticles at high temperature, in other words, transition metal nanocatalysts? The 

simulations we’ve performed in this thesis are for the in-situ benzene hydrogenation reactions on 

MCNPs in solvent. It is known that molybdenum carbide is highly metallic
32

, and the band near 

the Fermi level (0-1 eV) is mostly composed of Mo 4d orbitals
33

. As we’ve found earlier, the 
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MCNPs as small as 1.2 nm are also highly metallic. When surface reactions happen, during the 

course of the reaction, the movement of the surface species causes irreversible deformations of 

the nanoparticles on the reaction paths, which is observed as the entropy of the system (including 

the solvent), and reflected in the difference in the potential energy profiles and the free energy 

profiles of our computational simulations.  

One should not, however, confuse the energetic structural change of the MCNP during 

the hydrogenation reactions (reflected by the “regeneration” step in the catalytic cycle) with the 

deformation of the MCNP due to the entropic effect. The former is an energetic effect that is 

included in the MEP from NEB. The latter, however, is found in the difference between the MEP 

and the PMF, and is mostly entropic. 

So far, there is no direct experimental data on the kinetics of benzene hydrogenation on 

MCNPs. Future experimental study is needed to validate the findings in this work. Despite the 

advantages of the current QM/MM-US method, there are several aspects that may require 

attention for future improvements, and will be discussed here. First, DFTB is a semi-empirical 

QM method, which has lower accuracy than ab initio or first principle methods. Replacing 

DFTB with QM method of higher accuracy is suggested, to the extent permitted by 

computational power.  

Secondly, although the overall convergence of the sampling is manifested by the 

parallelism of the individual PMF curves from different starting configurations, some factors 

could affect the quality of the sampling. Among them are the simulation time and the definition 

of the reaction coordinate. Since the potential used in this work is a QM/MM potential, the 

sampling time is limited compared to pure MM potentials. Also, the DFTB code in CHARMM is 

serial, which also caused limitations of the sampling time. The accuracy related to the sampling 
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time can be improved by sampling for longer time, with the future parallelization of the DFTB 

code in CHARMM. When it comes to the reaction coordinate, ideally, more dimensions can be 

included in the reaction coordinate. However, since the reaction may involve complicated 

structural changes of the nanoparticles, it is very difficult to combine these structural changes 

into 2-D or 3-D reaction coordinate, which is currently the upper limit in the number of 

dimensions in the umbrella sampling method. 

Thirdly, in this work, most of the solvent molecules are treated in the MM region 

except for the reacting benzene molecule. This essentially allows only one of the benzene 

molecules to be in the QM region. But in reality, there could be more than one benzene molecule 

interacting with the MCNP and being hydrogenated. The adsorption of benzene on one site could 

affect the adsorption or hydrogenation of benzene on other sites. Future models could allow 

larger QM regions, and include a shell of benzene molecules in the QM region to interact with 

the MCNP. 

Fourthly, due to the light mass of hydrogen, nuclear quantum effect could be important 

for the reactions that involve hydrogen transfer, such as catalytic hydrogenation reactions. 

Hydrogen transfer is a well-known reaction in biochemistry in which nuclear quantum effect is 

evident
34

. As Klinman et al has found
34b

,  quantum tunneling is driven by thermal vibrations of 

the enzyme; pure tunneling has been established as a possible mechanism for the enzymic 

breakage of C-H without ascending the barrier. However, understanding how quantum effects 

impact the reactivity of hydrogen in heterogeneous catalysis is at a very early stage. McIntosh et 

al
35

 investigated tunneling assisted surface diffusion of hydrogen on Ru (0001) with DFT path-

integral molecular dynamics (PIMD) and quantum transition state theory (QTST)
36

. The 

quantum effect reduced the classical free energy barrier of hydrogen diffusion on Ru(0001) by 
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35% at very low temperature (70 K) by tunneling effect, but only slightly (10%) reduced the 

barrier when the temperature is high (250 K) because of zero point energy (ZPE) effect, with a 

crossover temperature of about ~120 K from tunneling-dominated diffusion to classical diffusion. 

Similar low temperature tunneling effect was observed for hydrogen diffusion on Ni(111), but 

through excited vibrational states.
37

 Because of the relatively high temperature of the in-situ 

catalysis environment (673 K), nuclear quantum effect of hydrogen movements on MCNP 

should not be very significant.  

Fifthly, the sand particles that the MCNPs may be adsorbed on could potentially affect 

the electronic structure as well as the translational, rotational, and vibrational degrees of freedom 

of the MCNPs. Therefore the sand particles could have both energetic and entropic effect on the 

free energy barriers and the rates of the hydrogenation reactions. Thus the sand particles in the 

oil reservoir should be added to the system for future studies. 

Lastly, it is worth comparing the advantage and disadvantages of the two strategies in 

studying heterogeneous catalysis. One is the QM potential energy surface with thermal 

corrections (or “QM-PES-Thermal” for simplification), and the other is the QM/MM-US method. 

The QM-PES-Thermal method uses the Hessian matrix to calculate the vibrational frequency and 

the harmonic entropic contribution. Because of the quantum mechanical nature of this 

calculation, the zero point energy effect is included. However, the anharmonic entropic 

contribution is ignored because of the harmonic approximation. Although the anharmonic 

entropic contribution usually can be neglected in molecular systems, it is much more significant 

in transition metal containing nanoparticles at high working temperatures, due to the constantly-

evolving nature of the nanoparticles. As the movies show (included as supplementary 

information to the thesis), the motion of the Mo atoms are quite strong; and these motions do not 
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appear to be at all harmonic (repetitive in time). So the QM/MM-US method includes the 

anharmonic entropic contribution, but ignores the quantum mechanical nature of the vibrations 

and the zero point energy effect. From the point of view of the computational cost, the QM/MM-

US method is more expensive than the QM-PES-Thermal method. 

6.4 Conclusions 

In this work, benzene hydrogenation on MCNPs in the gas phase and in a model 

aromatic solvent was investigated. Electronic structure calculations with DFTB show that all the 

three MCNPs are highly metallic with similar HOMO-LUMO gaps. In the size range of the 

MCNPs tested, surface topology plays a more important role in determining the catalytic activity 

of the active sites. In particular, two-fold sites are more favorable, because of smaller benzene 

adsorption energy, which leads to lower overall potential energy barriers, in agreement with the 

empirical Sabatier principle
38

. Among the six elementary reactions, the addition of the second or 

the last hydrogen usually has the highest barriers. During the hydrogenation reactions, the 

MCNPs had slight changes in structure, and must have a regeneration step to complete the 

catalytic cycle, although molybdenum carbide is known for its high hardness. The six 

hydrogenation reactions of benzene on the MCNP can be quite different from one another. For 

example on the 1.2 nm MCNP, the first and the six hydrogenation reactions involve a lot of C-

Mo movements, while the second, third, fourth, and fifth hydrogenation reactions mostly happen 

with the scissoring motions of the Mo-H bond with respect to the Mo-C bond. Because of the 

strong dependence on the topology of the nanocatalysts, it has been proposed
39

 earlier that no 

generalized mechanism for the catalytic reaction on small nanoparticles can be given. 

To simulate the reaction in a more realistic manner, and to account for the temperature, 

pressure, and the solvent environment of the system, a QM/MM model was built, and the 
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umbrella sampling approach was used to calculate the PMF of the reaction. The data are 

compared to the traditional approach in computational heterogeneous catalysis, i.e. geometry 

optimization, transition state search on the potential energy surfaces, and thermal and entropy 

corrections based on the harmonic approximation. We found from our calculations that the 

transition metal nanocatalysts are very “flexible”, rather than being rigid in their working 

conditions. A large part of this “flexibility” comes from the anharmonic vibrational entropy of 

the nanoparticle and the entropy of the solvent. It is for this reason that the entropic effect must 

be properly taken care of for the study of chemical reactions catalyzed by transition metal 

nanoparticles, preferably by sampling methods rather than simple thermal corrections which 

ignore anharmonic contributions. Also, more effort is needed in dealing with the environment 

and the entropic effects, besides improving the accuracy of the quantum mechanical methods for 

nanoscale heterogeneous catalysis reactions. 

The advantages of multiscale modelling, specifically the QM/MM umbrella sampling 

method, in studying nanoscale solid/liquid heterogeneous catalysis reactions are demonstrated. 

Although limited by the current computational power and the accuracy of the available semi-

empirical algorithms, it can potentially be a very useful tool in understanding the features of 

nanoscale heterogeneous catalytic reactions. Future work will include the sand component into 

the multiscale model to simulate the in-situ heavy oil catalysis system more realistically.  
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Chapter Seven: Conclusions and Perspectives  

7.1 Conclusions 

With the motivation of the direct atomic level modelling of heterogeneous transition-

metal-related nanocatalysts in their working environments and the prediction of free energy 

profiles, this thesis outlines a state-of-the-art multiscale approach for the modelling of the 

benzene hydrogenation reactions on MCNPs in in-situ heavy oil upgrading process, which 

involves both methodological development and applications.  

Efforts (Chapter 3) were first devoted to clarifying the unsolved debate on the 

mechanism of the benzene hydrogenation reactions on molybdenum carbide. The adsorption of 

various conformations of benzene (C6H6) and hydrogenated benzenes (C6H8, C6H10, C6H12) were 

investigated with DFT. The adsorption of benzene on molybdenum carbide is strong 

chemisorption, with adsorption energy of up to -2.65 eV. It involves the re-hybridization of the C 

atoms from sp
2
 to sp

3
, and favors three-fold hollow sites on the α-Mo2C (0001) surface with 

three C-MO “σ bonds” and benzene being parallel to the surface. The adsorbed benzene on α-

Mo2C (0001) has a very similar HOMO-LUMO gap to that on the Pt (111) surface, indicating 

similar activity of benzene on the two catalysts, and showing the “noble-metal” like nature of the 

molybdenum carbide catalyst.  

With benzene being hydrogenated, the C6 ring becomes tilted more and more (C6H8 

and C6H10), and finally leads to mostly van der Waals type interactions when the hydrogenation 

is completely finished (C6H12), so that the desorption of the product could easily happen. By the 

examination of the binding affinities and the surface stabilities of the hydrogenation 

intermediates, C6H8 was found to be very unstable but binds very strongly to the surface, 

showing strong preference for further hydrogenation or decomposition.  
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Together with the experimental information gathered in the literature, the benzene 

hydrogenation mechanism on molybdenum carbide was identified as the Horiuti-Polanyi type 

Langmuir-Hinshelwood mechanism. The mystery of the gradual poisoning of the molybdenum 

carbide catalyst for benzene hydrogenation was found to be because of surface coking, from the 

decomposition of unstable benzene hydrogenation intermediates such as C6H8. Based on the 

thermodynamic data, 12-dihydrobenzene and 1234-tetrahydrobenzene are the most likely 

intermediates for benzene hydrogenation on molybdenum carbide. Both benzene and these two 

intermediates favor the Vc sites on α-Mo2C (0001) surface. These studies provided a good basis 

for the later studies with a multiscale modelling method. 

To get a deeper understanding of these chemisorption phenomenon and the electronic 

structures of the MCNPs, a systematic topological analysis of the ELF was carried out in Chapter 

4 on molybdenum/molybdenum carbide molecules/clusters (MoC, Mo2, Mo2C, Mo3C Mo8C12 

and Mo28C14), and the complexes of them with unsaturated hydrocarbons (ethylene, benzene, 

pyridine, thiophene, naphthalene, and toluene).  

The Mo-C bonding can be highly ionic in cases like Mo8C12 and MoC, but shows 

significant covalent character in Mo2C, Mo3C, and Mo28C14. The Mo-terminated surface of the 

Mo28C14 nanoparticle has mainly two types of bonding: V(3Mo) three-center interactions among 

three Mo atoms and V(C, 3Mo) four-center interactions among a C atom and three Mo atoms. 

These two types of bonding basins define the electronic structure of molybdenum carbide 

particles. The chemisorption bonds between unsaturated hydrocarbons and molybdenum carbide 

involves electron sharing of various types with strong covalent character, which can be as strong 

as that of the C and Mo in the MCNPs. These interactions are dominated by multi-center 

interactions rather than simple C-Mo “σ-bonds”. The trends of benzene binding affinity on 
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different sites of the α-Mo2C (0001) surface in Chapter 3 can be well explained by the population 

of electron density in the valence basins between benzene and molybdenum carbide. 

The building up of a multiscale model starts with Chapter 5. Considering the balance 

between speed and accuracy for treating nanoscale systems, the DFTB method was 

parameterized for Mo, C, H, O, and Si. The existing challenge of treating organic systems and 

solid-state materials accurately at the same time in DFTB was met by using the electronic parts 

for which consistency is reached across the periodic table. By testing the electronic parts and 

parameterizing the repulsive part, the organic molecule-inorganic material hybrid systems such 

as hydrogenation of hydrocarbons on molybdenum carbide can be treated with DFTB. The 

quality of the electronic part of the DFTB parameters in treating both inorganic materials and 

organic molecules is verified by the comparison of DFT and DFTB band structures of various 

phases of Mo and molybdenum carbide and the molecular orbital energies of hydrocarbons. 

After the repulsive parts were fitted to polynomials with appropriate reference 

molecules, the overall quality of the DFTB parameters are tested with molecular structures, 

crystal structures, chemisorption bonds, hydrogen adsorption energies, hydrogenation reaction 

energies, molecular vibrational frequencies, energy barriers and the structures of the transition 

states for the interested systems. The parameterized DFTB method had errors of less than 1.5% 

in bond distances for hydrocarbons, and 5.25% for non-hydrocarbons. It could reproduce the 

structure and vibrational frequencies (with errors of about 100 cm
-1

) of tested hydrocarbon-

molybdenum carbide complexes from DFT calculations. Very good agreement was reached 

between DFTB and DFT on the dissociative adsorption of hydrogen on the α-Mo2C (0001) 

surface. For most of the hydrogenation reactions examined, DFTB shows errors of ~2 kcal/mol 

compared to DFT/PBE, with a few exceptions of ~5 kcal/mol. It could also describe the reaction 
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energies, the forward and reverse energy barriers, and the transition state structures of benzene 

hydrogenation reaction on the Mo38C19 cluster. 

With this approximate DFT method (DFTB) that is significantly faster than DFT, 

calculations on nanoscale molybdenum carbides and with adsorbed hydrocarbons are feasible. In 

the first part of Chapter 6, the structures and electronic features of the three different sizes (the 

1.2 nm Mo66C35, the 1.9nm Mo234C115, and the 2.3 nm Mo380C189) of MCNPs are calculated. The 

MCNPs are largely amorphous after annealing. As the size decreases, the HOMO-LUMO gap of 

the MCNP increases. However, even the smallest 1.2 nm MCNP shows a very small HOMO-

LUMO gap of 0.0047 eV, indicating the metallic nature of these nanoparticles. 

The exothermicity of benzene hydrogenation comes from the release of energy in the 

adsorption of benzene and dissociative adsorption of hydrogen. However, most of the elementary 

hydrogenation reactions are endothermic. By comparing the potential energy profiles of benzene 

hydrogenation on various sites and sizes of the MCNPs, the topology of the active sites are found 

to be more important than the size of the MCNP. Therefore the catalytic activity of the MCNPs 

for benzene hydrogenation depends more on the topology of the active sites, which suggests that 

the controlling of the morphology of the nanoparticles is the key to get MCNPs of high catalytic 

activity. In most of the studied benzene hydrogenation reaction paths, the additions of a second 

H to produce cyclohexadiene or the sixth H to produce cyclohexane have the highest barriers 

among all the steps, with energy barriers of up to 34 kcal/mol. The six hydrogenation reactions 

of benzene on the MCNPs can be quite different from one another. For example on the 1.2 nm 

MCNP, the first and sixth hydrogenation reactions involve a lot of C-Mo movements, but the 

other four reactions happen mainly with the scissoring motions of the Mo-H bond with respect to 

the Mo-C bond, leading to the formation of a new C-H bond. At the end of six elementary 
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hydrogenation reactions and the desorption of cyclohexane, the structures of the MCNPs 

changed compared to the initial state. Therefore a “regeneration” step has to be added to 

complete the catalytic cycle. 

A QM/MM model was built by the concurrent coupling of the parameterized DFTB 

method with the CHARMM MM force field and parameterizing the QM/MM van der Waals 

interactions to enable the treatment of the in-situ catalysis system with multiple levels of theories. 

The free energy profiles of benzene hydrogenation reactions on the 1.2 nm MCNP were 

calculated with the umbrella sampling method, reaching convergence among different starting 

configurations for the solvent molecules and the entire system. The multiscale QM/MM model 

elucidated very important new features of the MCNPs, compared with the traditional method of 

geometry optimization, MEP calculation, and thermal corrections. Evidently, the entropic 

contributions of the metallic MCNPs and the solvent are essential to the free energy profiles. 

They change the shape of the reaction paths (from obtuse to sharp, or smoothing out the points of 

inflection), modify the free energy barriers (e.g. +7.7 kcal/mol for the second hydrogenation 

reaction), and affect the initial state (ΔzR=1.5 Å for the first hydrogenation reaction and ΔzR=0.7 

Å for the third hydrogenation reaction) and the transition state (ΔzTS=0.2 Å for the first and sixth 

hydrogenation reactions and ΔzTS=0.1 Å for the third, fourth, and fifth hydrogenation reactions) 

structures of the hydrogenation reactions on the MCNPs. The metallic MCNPs are very “flexible” 

rather than being rigid in their working conditions of solvent and high temperature (673 K). A 

large part of the “flexibility” comes from the anharmonic vibrational entropy of the nanoparticle 

and the entropy of the solvent. It is therefore proposed based on these finding that the entropy 

effect (including anharmonic vibrational entropy) must be properly considered for understanding 

the chemical reactions catalyzed by transition metal related nanoparticles such as the MCNPs. 
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To summarize, this thesis outlines a QM/MM-US multiscale modeling approach for 

studying nanoscale heterogeneous reactions in their working environments. It is a solid step 

towards the ultimate goal of modelling real-life complex systems with computational chemistry. 

Proceeding along this direction leads to the discovery of extraordinary features of the metallic 

MCNPs, which are not accessible from the traditional methods in computational heterogeneous 

catalysis. 

7.2 Perspectives 

There are several potential avenues for future studies of the heavy oil in-situ catalysis 

problem. For example, replacing the semi-empirical DFTB in QM/MM with DFT would give 

more accurate results on the energetics. This requires the parameterization of the interactions 

between the DFT QM atoms with the MM atoms, for a specific DFT/MM implementation such 

as deMon/CHARMM. Also, adding the sand component to the model could help us understand 

the role of the sand particles for in-situ catalysis reactions in the reservoir. This direction requires 

more DFTB parameterization and validation work on the energetics related to Si and O. Another 

possible direction could be the investigation of how the change in temperature and pressure 

could affect the free energy barriers of the in-situ benzene hydrogenation reactions. Also, to 

validate the proposed benzene hydrogenation mechanism, experiments can be performed to study 

the adsorption of C6H8 on Mo2C. If under typical hydrogenation reaction temperatures (373K, 

for example), C6H8 was found to decompose on the Mo2C surface to form coke, then the 

proposed benzene mechanism is correct. 

Looking at it in a more general way, the future of the multiscale modelling of 

nanoscale heterogeneous catalysis reactions is vast. Despite the importance of nanoscale 

heterogeneous catalysis reactions in chemical industry, the understanding of how the various 
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complicated environments affect them is very limited. The multiscale modelling of nanoscale 

heterogeneous catalysis reactions, although capable of giving very good insights into the 

problem, is still in its infancy. So far, much of the obstacle comes from the computational cost in 

the quantum mechanical treatment of the nanoparticles, the lack of specific force fields for 

organic reactants at high temperature, and the complexity of the active sites of the nanoscale 

systems. Much effort is needed for the methodological development in these aspects. Also, the 

coupling of the electronic region (QM) and the atomic region (MM) with a mesoscale region 

(coarse graining) or a continuum region (e.g. the finite element method) for the modelling of 

nanoscale heterogeneous catalysis reactions is still missing. A complete multiscale model would 

be able to correlate the electronic and atomistic information from the current scope of 

computational chemistry to engineering simulations. However, with the ability of the multiscale 

modelling method presented in this work, it can be expected that more reliable modelling of the 

real-life nanoscale heterogeneous catalysis systems will be accomplished in the future, to provide 

more understanding of these important chemical reactions. 
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Appendix A: Original Contribution Claim 

The majority of the work presented in the thesis is performed by me. However, there 

are also some contributions from my collaborators, which I should acknowledge here. In the 

summer of 2011, I mentored Alexander Tkalych, who was then a summer student in our lab. He 

has helped me in the submission of some of the calculation jobs in Chapter 3, and participated in 

the writing up of our coauthored paper (J. Phys. Chem. C. 2013, 117, 7069). 

In 2013, I worked in Prof. Thomas Heine group at Jacobs University in Germany. 

Mohammad Wahiduzzaman, who was then a Ph.D. student in Prof. Thomas Heine’s lab, helped 

me in calculating the band structures of Mo2C (Appendix C). 
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Appendix B: Auxiliary Density and Adsorption Energy 

The accuracy of the auxiliary density fitting was confirmed by the comparison of 

adsorption energies and structures of the clusters below, using the most favorable 

adsorbate/configuration as representatives.  

Table B1 Comparison of the structure and adsorption energy (with dispersion correction) 

between Kohn-Sham density (basis) and Auxiliary density (auxis) 

Adsorbate Shortest dC-Mo (Å) Ead (eV) BSSE (eV) 

 Basis Auxis Basis Auxis Basis Auxis 

C6H6-Vc 2.16 2.17 -3.19 -3.17 0.19 1.85 

C6H6-Hm 2.12 2.12 -2.98 -2.35 0.43 2.06 

C6H6-Hc 2.16 2.18 -2.89 -2.52 0.30 2.04 

12C6H8 2.12 2.13 -3.33 -3.24 0.45 1.82 

13C6H8 2.26 2.27 -5.15 -5.26 0.55 1.72 

14C6H8 2.19 2.20 -3.20 -3.03 0.66 1.63 

1234C6H10 2.20 2.23 -1.93 -2.04 0.39 1.61 

1235C6H10 2.30 2.28 -4.42 -4.65 0.85 1.68 

1245C6H10 2.28 2.31 -3.08 -3.10 0.44 1.31 

C6H12 2.72 2.73 -0.77 -0.90 0.37 1.21 

 

To evaluate the structural change of the binding between the adsorbates and the cluster, 

the shortest distances of a carbon atom from the adsorbate to a molybdenum atom of the cluster 

were compared. The deviations are within 0.01-0.03 Å. The energetic comparison was made by 

comparing the adsorption energies, with dispersion correction included. Most of the adsorption 

energy changes are within 0.1 eV, with a few exceptions. The trends, however, are maintained. 
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Considering that auxiliary density fitting calculations are about 5 times faster than Kohn-Sham 

density calculations, the accuracy of the former is fairly good for studying the interaction of 

small molecules with large clusters. The BSSE calculations with Auxiliary density functions, 

however, failed to reproduce the Kohn-Sham density calculations. Therefore, the auxiliary 

function density can be used to speed up the Kohn-Sham density calculations on the current 

systems in terms of structures and adsorption energies, but the BSSE calculations must be 

performed with the Kohn-Sham density approach. 
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Appendix C: Band Structures of Molybdenum Carbide 

 

Figure C1 The band structure of α-Mo2C (Pbcn) calculated with DFTB and DFT/PBE; all 

energies are relative to the Fermi energy. 
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Appendix D: Vibrational Frequencies of Benzene and Mo3C-Benzene Complex 

Table D1 Calculated vibrational frequencies of benzene with DFT/PBE and DFTB; all 

units are in cm
-1

 

DFT DFTB DFT DFTB DFT DFTB DFT DFTB DFT DFTB 

440.48 392.3 931.67 691.2 1195.59 999.2 1493.65 1349.8 3008.7 3044.8 

440.49 392.5 931.69 843.8 1195.69 1035.5 1524.08 1383.4 3008.81 3062.9 

663 567.7 1060.08 844.1 1211.46 1035.8 1709.88 1482.9 3008.87 3063.2 

663.02 599.4 1060.1 971.6 1248.29 1138 1709.91 1483.4 3016.42 3076.6 

731.15 600.3 1078.21 971.7 1277.41 1150.9 1912.19 1628.3 3016.57 3076.9 

754.23 657.5 1096.9 996.9 1277.45 1151.8 1912.22 1628.6 3022.8 3082.8 

 

Table D2 Calculated vibrational frequencies of Mo3C-Benzene complex with DFT/PBE and 

DFTB; all units are in cm
-1

 

DFT DFTB DFT DFTB DFT DFTB DFT DFTB DFT DFTB 

159.31 144.8 159.31 144.8 929.49 782.1 1203.09 1078.5 2869.57 2999.1 

224.23 167.8 224.23 167.8 947.71 805.7 1204.03 1107.3 2939.85 3084.9 

245.74 190.8 245.74 190.8 979.1 817.2 1217.5 1120.4 2975.45 3088.1 

267.84 218.1 267.84 218.1 987.26 850.5 1422.2 1273 2984.25 3103.1 

279.05 236.3 279.05 236.3 1008.58 854.8 1477.35 1304.3 2987.61 3118 

302.58 244.9 302.58 244.9 1053.82 879.3 1536.81 1355.6 3034.2 3148.6 

343.02 270.7 343.02 270.7 1095.65 918 1584.52 1365.9   

446.7 346 446.7 346 1128.78 945.8 1678.85 1418.9   

510.58 391.8 510.58 391.8 1175.85 989.6 1704.3 1434.1   
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Appendix E: Coordinates of the Mo66C35 MCNP 

Table E1 The coordinates of the optimized structures of Mo66C35 (1.2nm) with adsorbed 

benzene on a three-fold site 

Atom X Y Z Atom X Y Z 

C   -4.814  5.575  -6.095  Mo  -1.663  13.488  -11.068  

C   -6.949  4.909  -7.839  Mo  -2.550  1.017  -12.429  

C   -8.113  8.961  -6.656  Mo  -3.707  3.730  -13.769  

C   -0.170  9.481  -7.452  Mo  -5.326  2.488  -10.568  

C   -2.111  11.926  -8.223  Mo  -1.226  3.954  -8.241  

C   -2.664  5.611  -7.911  Mo  -5.929  4.401  -11.993  

C   -4.154  9.047  -7.363  Mo  -8.072  3.882  -14.095  

C   -4.633  10.090  -10.006  Mo  -9.759  4.681  -11.805  

C   -6.263  11.315  -7.900  Mo  -7.724  4.625  -9.610  

C   -7.646  8.034  -9.329  Mo  -8.532  2.887  -12.194  

C   -8.757  10.990  -10.903  Mo  -1.179  1.350  -11.546  

C   -0.336  12.226  -10.972  Mo  1.333  6.658  -10.627  

C   -5.988  12.828  -10.947  Mo  -1.289  6.216  -9.526  

C   -4.192  3.544  -9.395  Mo  0.311  8.303  -11.590  

C   -7.097  3.140  -10.571  Mo  -4.019  4.952  -11.138  

C   -4.690  1.399  -11.837  Mo  -0.958  8.473  -14.489  

C   -9.533  4.835  -10.002  Mo  -2.505  7.689  -11.539  

C   0.325  6.903  -8.880  Mo  -2.274  6.309  -13.092  

C   0.855  5.319  -11.828  Mo  -1.274  9.157  -9.342  
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Atom X Y Z Atom X Y Z 

C   0.661  9.609  -10.394  Mo  -0.753  4.644  -11.029  

C   -2.220  4.275  -12.202  Mo  -6.593  6.663  -10.081  

C   -4.545  7.088  -10.912  Mo  -3.504  9.433  -13.798  

C   -3.848  7.308  -14.329  Mo  -8.080  6.416  -12.587  

C   -5.692  11.721  -13.598  Mo  -5.167  9.717  -16.941  

C   -6.663  5.585  -13.750  Mo  -6.685  9.183  -14.228  

C   -8.420  9.466  -13.383  Mo  -7.079  7.282  -15.152  

C   -6.390  8.595  -16.386  Mo  -5.484  8.953  -11.715  

C   0.221  9.183  -13.349  Mo  -5.095  6.970  -13.027  

C   -2.280  13.601  -12.748  Mo  -10.400  7.924  -11.242  

C   -1.628  11.210  -15.692  Mo  -8.913  11.178  -12.663  

C   -1.962  3.511  -15.112  Mo  -9.051  7.730  -13.999  

C   -6.592  3.139  -14.888  Mo  0.682  11.322  -9.744  

C   -0.727  6.600  -14.700  Mo  -1.042  10.807  -12.494  

C   -4.674  5.475  -16.496  Mo  -4.176  12.654  -12.232  

C   -3.679  8.785  -17.139  Mo  -4.390  11.074  -14.787  

Mo  -2.968  5.757  -6.094  Mo  -1.914  12.063  -13.931  

Mo  -4.756  5.001  -8.287  Mo  -5.133  2.187  -13.516  

Mo  -6.650  5.314  -6.104  Mo  -0.813  3.422  -13.702  

Mo  -2.379  2.862  -9.481  Mo  -2.719  4.469  -16.475  

Mo  -7.055  7.129  -7.337  Mo  -1.653  6.282  -16.489  
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Atom X Y Z Atom X Y Z 

Mo  -9.582  7.071  -10.053  Mo  0.278  5.234  -13.694  

Mo  -0.134  7.696  -7.185  Mo  -5.437  4.640  -15.000  

Mo  -0.353  11.312  -7.847  Mo  -3.738  7.058  -16.199  

Mo  -5.168  7.777  -6.363  Mo  -1.809  9.632  -16.295  

Mo  -3.311  10.942  -11.395  H   -10.069  0.623  -12.537  

Mo  -3.005  10.173  -8.545  C   -10.063  1.673  -12.882  

Mo  -4.067  6.952  -9.079  C   -10.815  2.721  -12.211  

Mo  -2.356  7.671  -7.046  H   -11.299  2.448  -11.250  

Mo  -6.745  9.296  -5.439  C   -11.439  3.843  -12.961  

Mo  -5.119  12.189  -9.512  H   -12.411  4.250  -12.626  

Mo  -8.860  9.243  -8.298  C   -11.037  4.011  -14.328  

Mo  -6.806  11.690  -12.196  H   -11.565  4.746  -14.958  

Mo  -7.983  10.952  -9.150  C   -9.987  3.217  -14.919  

Mo  -7.656  9.085  -11.302  H   -9.916  3.180  -16.025  

Mo  -5.416  10.617  -6.431  C   -9.446  2.076  -14.133  

Mo  -5.850  9.332  -8.863  H   -8.914  1.288  -14.703  

Mo  -3.066  13.106  -9.264      
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Appendix F: QM van der Waals Parameters 

 

Figure F1 Validation of the van der Waals parameters for QM H atoms. The H2 molecule is 

treated with QM DFT/PBE with UFF type dispersion (C parameter from Phys. Rev Lett 

2009, 102, 073005), and the benzene molecule is treated with CHARMM MM force field. 
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Figure F2 Validation of the van der Waals parameters for QM C atoms. The upper 

benzene molecule is treated with QM DFT/PBE with UFF type dispersion (C parameter 

from Phys. Rev Lett 2009, 102, 073005), and the lower benzene molecule is treated with 

CHARMM MM force field. 
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Figure F3 Validation of the van der Waals parameters for QM Mo atoms. The Mo3C 

cluster is treated with QM DFT/PBE with UFF type dispersion (C parameter from Phys. 

Rev Lett 2009, 102, 073005), and the benzene molecule is treated with CHARMM MM 

force field. 
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