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Abstract

Molybdenum disulfide (MoS;) has long been used as a hydrodesulfurization (HDS)
catalyst in the oil industry. The size-dependent efficacy of MoS, clusters has only
recently been established revealing a need for studies of the smaller nanocatalysts. As
the demand for ultra-low sulfur petroleum products continues to grow, crude oil quality is
concurrently declining. Understanding these catalysts and their mechanisms is now more
imperative than ever to the oil industry. Therefore, this thesis presents a B3LYP density
functional theory (DFT) investigation of Mo03Ss.g nanoclusters.

The first part of this thesis explores potential structures of Mo3Ssg nanoclusters.
Analysis of these bare clusters reveals that the S coordination about the Mo directly
affects the energetics of the cluster and find that triangular Mo centers are more stable
when the Mo has 4 > 3 > 2 > 5 S coordination. We then investigate how H; and 2H,
interact with these low energy bare Mo3Se.g clusters. This is a novel idea and, to our best
knowledge, neither the energetics nor the mechanisms of this addition have been
explored until now. We discover that these are highly heterogeneous systems and that
hydrogen interacts not only with S but with Mo as well. It is also discovered that H, can
form as a low-energy binding complex on the Mo of the cluster. Combinations of low
energy MosSxH; structures often resulted in low energy MosSxH, structures found which
acts as a confirmation of established bonding patterns.

The formation and desorption of H,S is explored as H,S is a known product in the
hydrogenation phase of the HDS process. It is seen that an increase in S number on the
clusters leads to an increase in the formation of H,S and a decrease in H,S desorption
energy. This pattern is attributed to the lack of sulfur vacancy sites on higher sulfided
complexes. It is then determined that S vacancies are located on the less sulfided Mo3Sx
complexes, particularly Mo3Se.

The last part of the thesis explores several mechanisms to mimic the HDS process using
methanethiol (CH3SH) as an organo-thiol molecule to be desulfurized. First, CH3SH is
added to several previously-determined low energy structures and its adsorption energy is
calculated. It is discovered that the best adsorbing structure is a Mo3SgH, structure. To
make this cluster, a reaction pathway is found such that the low energy MosS; cluster
undergoes the addition of H, to produce H,S and a sulfur-vacant MosSg cluster. Next, H,
is added to the cluster to produce the Mo3SgH, cluster. After the addition of CH3SH to
this cluster as a reactant, a single mechanism is discovered which results in MozS;H, and
CH,4 as the products. The activation barrier of this desulfurizing reaction is then
compared to that of Mo3Sg and the decomposition of isolated CH3SH. This comparison
reveals that the addition of H, to the cluster makes the reaction more energetically
favorable and that the nanocluster is indeed acting as a catalyst by lowering the barrier.
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Chapter 1

Introduction

Chapter 1 is presented to provide the necessary background to understand the need for
hydrodesulfurization catalysts, the current role of MoS; catalysts, and a basic background

and discussion of density functional theory and potential energy surfaces.

1.1 Petroleum in the Current World

Despite advances in creating sustainable energy sources, the demand for petroleum
products continues to rise. It is expected that this trend will continue and by 2030 the
consumption of crude oil will increase to over 120 million barrels day; a demand increase

of roughly 3% per year (British Petroleum 2013).
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Figure 1.1 Average petroleum consumption per day per year of the world from 1983-2012. This
includes all petroleum products and their derivatives.



As demand grows there is a steady and noticeable decline in feedstock quality as oil
reserves decrease. The sulfur, nitrogen, and heavy-metal oil contaminant levels are rising

throughout the world (US Energy Information Agency 2013).

When sulfur is burned with oxygen it produces a pollutant, sulfur dioxide (SO;). Linear
relationships have been established between the sulfur content in combusted petroleum
products and the output of SO, (Stanislaus, Marafi and Rana 2010). Although there are
natural sources of SO, (mainly from volcanic activity) recent estimates suggest that 99%
of all emitted SO, is human-caused with transportation fuels accounting for roughly 8%
of its environmental contribution (US Environmental Protection Agency 2012). This
impact would likely be much higher if not for strict EPA guidelines which dramatically

reduce allowed sulfur content in transportation fuels.

Current sulfur levels in crude oil are at an all-time averaged high of 15000 parts per
million by weight (ppmw) in the US (US Energy Information Agency 2013). Recent
amendments to the Clean Air Act of 1970 requires that sulfur levels in transportation
fuels be under 15 ppmw (US Environmental Protection Agency 2012). As can be
expected, this dramatic reduction concurrent with the regular increase in petroleum
demand results in large economic and operational challenges for the petroleum refining

industry.



1.2 Hydrodesulfurization Process

Hydrocarbons found in crude oil can be categorized into four parts: paraffins (15-60%),
napthenes (30-60%), aromatics (3-30%), and asphaltics (2-10%) (Heavy Crude Oil 2013)
(Burruss and Ryder 2003). The crude oil containing all the components first undergoes a
distillation step in which they are separated based on boiling points. Lower boiling point
fractions (paraffins) become gasoline and jet fuel while higher boiling point fractions
such as the asphaltics, as may be deciphered from the name, are generally used in road
construction. The remaining fraction is the middle distillates, consisting of naphthenes
and aromatics, which are subjected to the HDS process before the majority is utilized as
diesel (Processing and Refining Crude Oil 2013). The world-wide demand for middle
distillates is the largest-growing of all other fractions (Stanislaus, Marafi and Rana 2010).
The process by which sulfur is removed from middle distillates and made into clean, low-

sulfur transportation fuel is the hydrodesulfurization process (HDS).

The feedstock of HDS contains large varieties of sulfur-containing compounds mainly
consisting of benzothiophenes (BT) and dibenzothiophenes (DBT). The extraction of
sulfur from these compounds when combined with H, occurs via one of two ways; direct
desulfurization (DDS) or hydrogenation (HYD) as shown in Figure 1.2. In DDS the
sulfur is directly removed from the compound prior to saturation with hydrogen. In the

HYD route the compound is first saturated with hydrogen and then the sulfur is removed.



Direct Desulfurization

Hydrogenation

Figure 1.2 Steps in the direct desulfurization (DDS) versus the hydrogentation (HYD) parallel routes
to remove sulfur and hydrogenate dibenzothiopene (DBT).

Both reaction pathways occur in the HDS process however a variety of issues promote
one pathway over the other. For example, the presence of an alkyl group at 4 and 6
positions of DBT prevents the DDS pathway which suggests that steric hindrance may
have an effect on the pathway (Ali, Ahmed and Al-Saleh 2012). The presence of nitrogen
and fluorine impurities in crude oil has been found to inhibit the HYD pathway
(Beltramone, et al. 2008) (Kim, Ma and Song 2003). Increasing partial pressures of H,S
gas in the reactor inhibits the DDS route but only slightly reduces the HYD route
(Rabarihoela-Rakotovao, et al. 2006). This effect is less reduced which the DBTs have

additional alkyl groups (Farag, Sakanishi, et al. 1999). With all of these variables, it is



clear that the HDS reaction pathways and mechanisms are complex. Unfortunately, they

are not fully known either.
1.3 Molybdenum Disulfide

Molybdenum disulfide (MoS,) is utilized in a variety of applications including but not
limited to lubrication (Lijewski, et al. 2012), hydrogen evolution (Mai, et al. 2013),
photoelectronics, and, most applicably, hydrodesulfurization (HDS) (Cao, et al. 2012). A
single MoS; molecule is fairly unreactive. What allows this di-chalcogenide to be so
versatile is its range of morphologies and structures which greatly vary its properties.
Naturally occurring MoS; occurs as a hexagonal close pack (hcp) structure with each Mo
coordinated to 6 S. This bulk formation consists of layered honeycomb structures with
eclipsed A-B-A-B stacking. The layers are held together by weak Van der Waals
interactions. Under sulfiding conditions a monolayer forms into several islands of
equilateral triangular morphology under 100 um at any one length of the triangles
(Walton, et al. 2013) (Tuxen, Kibsgaard and Gobel, et al. 2010) (Lauritsen, et al. 2004).
The smaller nanoclusters range from 5 nm to 100 nm (Tuxen, Kibsgaard and Gobel, et al.

2010).

The nanoparticles have been found to be highly heterogeneous in size (Cesano, et al.
2011). Many studies have found inverse relationships of the size of the MoS;
nanoparticle to the efficacy of desulfurization, particularly through the DDS pathway.
The smaller the nanoparticle, the greater the efficacy in removing sulfur, especially with
sterically hindered DBT (Tuxen, Kibsgaard and Gobel, et al. 2010) (Cesano, et al. 2011)

(Farag and Al-Megren 2009).



Prior to the HDS process the catalyst is first sulfided through the use of a sulfiding agent
(most often H,S or CS,) to saturate the catalyst with sulfur. The activation step occurs
when the complex is reduced with Hy, leaving a vacancy or coordinated unsaturated site
(CUS) and producing H,S as a product. It is believed that these vacancy sites are the
active and that can be found at the edges (n > 6) and corners (n< 6) of the triangular
particles after activation of the catalyst (Figure 1.3) (Tuxen, Kibsgaard and Gobel, et al.

2010) (Cesano, et al. 2011).

Vacancy Site
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Figure 1.3 Ball model of MoS, nanocatalyst activation of a n=2 nanoparticle after reduction by H,
and loss of H,S. The active nanoparticle (right) shows a vacancy site where the sulfur has been lost
following the reduction. The depiction shows Mo (blue) and S (yellow). (Tuxen, Kibsgaard and
Gobel, et al. 2010)

It has been seen that the desulfurization of DBT best occurs with small nanoparticles (n <
6 where is number of Mo on edge of triangle) via the DDS route (Tuxen, Kibsgaard and
Gobel, et al. 2010). This is likely due to the minimal steric hindrance with the small
nanoparticles, particularly because the vacancy sites are at the corners rather than the
edges. The small size of the particles makes it difficult to resolve not only what the
nanoclusters look like, but how they interact under HDS conditions. Only with advances

in STM imaging have these clusters been resolved at an atomic level (Helveg, et al.
6



2000).  Unfortunately smaller nanoclusters, particularly the n=3 particle which
corresponds to a Mo3Sy (fully sulfided) particle, remains difficult to resolve (Tuxen,
Kibsgaard and Gobel, et al. 2010). Therefore, theoretical studies have become an
invaluable part of the overall comprehension of the mechanisms and of enhancing

catalytic performance under industrial conditions for MoS..

1.4 Computational Chemistry

1.4.1 Schrodinger Equation

A discussion of computational chemistry must begin with an introduction to the time-
independent Schroédinger equation. Solving, or rather approximating, this equation in any
multi-electron system is the ultimate goal in any quantum-derived computational method
as the atomic structure it reveals gives insight into a molecule and its behavior. If this
equation is solved for a large number of nuclear geometries then the potential energy

surface (PES) is known.
I_AItothtot(Ra r) = Etothtot(Rv I') (1'1)

The Schrodinger equation is a partial differential eigenvalue equation (Leach 2001). It
consists of a Hamiltonian “energy” operator, ﬁtot, acting on a wavefunction, Wi as a
function of the nuclear position vector for all nuclear coordinates, R and electron position
vector for all electron coordinates, r, to produce an energy eigenvalue E: and the
eigenfunction y,. The Hamiltonian, i , and the energy eigenvalue, Eqy , consist of a

summation of the potential and kinetic energy of the system. The Hamiltonian operator,



H, for a molecular system consists of five terms and has been simplified to reduce

variables.
I:Itot =Te+ Tn+Ven+ Ve + VN (1'2)

The T, and Ty are the electron and nuclear kinetic energies, respectively. The term Vey
is the electron-nuclear attraction term and Ve and V., are the electron-electron and
nuclear repulsion terms, respectively. The last three terms (denoted with V) are all

potential energies.
The Hamiltonian can be further simplified into two parts so that

Hiot = He + Ty (1-3)
where

He = Te + Ven + Vee + Vi (1-4)

and is the electronic Hamiltonian. Furthermore the wavefunction, Wit(R, r) can be

expanded into a nuclear part, ¥N(R), and an electronic part We(R, r) so that
Piot(R, 1) = In(R) Pe(R, 1). (1-5)

Nuclei are much heavier in comparison to electrons (more than 1800 times heavier).
Because of this the magnitudes of electron velocities are so large that electrons can adjust
to position changes in nuclear geometries very quickly. The nuclei can be thus thought of
as stationary when compared to an electron. Therefore, with no nuclear velocity, the
nuclear Kinetic energy term, Ty, can be eliminated and Vnn would be constant (less

vibrations) and can be added in later. The electronic Schrédinger equation is

8



e Ye(R, 1) = Ee(R) we(R, 1). (1-6)

This approximation is the Born-Oppenheimer approximation and it improves with

heavier atoms (Jensen 2007).
1.4.2 Potential Energy Surface

The Born-Oppenheimer approximation is essential to determining the potential energy
surface (PES) of a molecule. The PES is the relationship between the geometry of a
molecule and its energy. This energy, Upes(R), is the Schrédinger-solved electronic

energy plus the nuclear-nuclear repulsion term, Vnn.
Upes(R) = Ee(R) +Vn (1-7)

Once the potential energy as a function of nuclear coordinates is plotted various points of
interest can be determined. All stationary points are defined when dUpgs/dR=0.
Minimum stationary points occur when all values of d°Upes/dR? are greater than zero.
Maximum stationary points occur when only one value d?Upes/dR? is less than zero, the

rest being greater than zero.

The lowest energy stationary point on a PES is called the “global minimum” structure
and is the lowest energy and more stable geometry of a particular molecule. Other
minimum points are called “local minima” and are other possible stable structures within
the PES. Figure 1.4 shows a transition state link between two minima (E. G. Lewars

2003).



Potential Energy

A-B-C

Reaction Coordinate

Figure 1.4. An example of a 1D potential energy surface (PES) of reactant A-B-C reacting to
produce B-C-A and the resulting energy changes shown in a 2D diagram. Each minimum geometry
(Min.) is labeled as well as the transition state (T.S.) between the two points

1.4.3 Normal Mode Vibrations and Zero Point Energy

The assumption that the nuclear coordinates are fixed and constant is a dangerous and
incorrect one. The Heisenberg Uncertainty Principle states that a molecule is never
completely stationary, it constantly vibrates even at OK and thus its position can never be
fully known. The inherent energy at 0 K is called the zero point energy (ZPE). A
molecule’s energy never fully corresponds with the bottom of the energy curve. Instead,
the molecule occupies a vibrational level within the curve. To calculate the ZPE of a

molecule these residual vibrational energies must first be accounted for.

10



The motion of each nuclei within a molecule can be described by the three Cartesian
coordinates, X, y, and z or another coordinate system. A molecule with N atoms therefore
has 3N coordinates to describe these positions. Therefore 3N coordinates are used to
describe the nuclear motion of a molecule.  Three of these are translational motions
which describe the translation of the entire molecule. Two motions for linear molecules
and three motions for non-linear molecules describe the rotational motion. This leaves
3N — 6 (or 3N-5 for linear molecules) normal mode vibrations for a molecule at a
minimum stationary point. For a transition state, there exist 3N-7 real normal mode
vibrations (or 3N — 6 for linear molecules). This is because normal mode vibrational
frequencies are all real when the stationary point is a local minimum whereas with a

transition state there exists one imaginary frequency.

To obtain normal mode frequencies of a particular molecule the mass weighted force
constant, or Hessian matrix, is diagnalized. The Hessian matrix is simply the second
derivatives of the PES, d’Upes/dR?. Diagnalizing this matrix yields eigenvectors which
are the normal modes of the vibrational frequency. The normal modes give the direction

of the vibrational motions of the nuclei (E. Lewars 2010), (Levine 2009).

Calculations of vibrational frequencies are used to determine IR spectra (via resulting
eigenvalues of the diagnolized Hessian), to find stationary points, and to obtain zero point
energies. A Hessian calculation is not the sole determining factor in finding stationary

points. However, once a stationary point is found, a frequency calculation determines

11



whether the stationary point is a minimium, TS, or higher order stationary point (E.

Lewars 2010).

A summation of the energy of all the vibrational modes (as a minimum stationary point)
results in total vibrational energy associated with a molecule and is called the ZPE
correction term. Addition of the ZPE correction term to the minimum energy of a

molecule results in a more accurate ZPE of the molecule.

1.4.4 Density Functional Theory

Density functional theory (DFT) begins with a direct relationship between the probability
of an electron’s location and electron density, n(r) which relates DFT to the Schrédinger

Equation. Electron probability, p, and n(r) are proportional and can even be related by

n(r) =2 >pi(r) (1-8)

where

pi(r) = i (1) wi(r). (1-9)

The term wi(r) is the individual electron wave function for an i electron which cannot be
found without first taking all other electron wave functions into account. This is a
difficult issue as solving a full wave function for the Schrodinger equation requires 3N
dimensions (for N electrons). However, n(r) is a function of only three coordinates so if
it can be solved then a large amount of information may be obtained from it. The
probability is multiplied by two to account for the Pauli Exclusion Principle which states

that no two electrons can have the same quantum numbers. However two electrons can
12



occupy the same electron wavefunction as long as they have different spins, therefore the

probability is multiplied by two.

1.4.5 Hohenberg and Kohn Theorems

The entirety of density functional theory (DFT) builds upon two theorems which were
originally proven by Hohenberg and Kohn and derived by Kohn and Sham in 1964
(Jensen 2007), (E. Lewars 2010), (Sholl and Steckel 2009). The first Hohenberg-Kohn

theorem states that

the ground-state energy from Schrédinger’s equation is a unique functional of the

electron density (Sholl and Steckel 2009).

This theorem is proven via reduction ad adsurdum or “reduction to absurdity.” The
opposite was proven impossible thereby the initial assumption must be true (Jensen 2007)
(Hohenberg and Kohn 1964). If the wavefunction, ¥(R, r), is a functional of the electron
density, n(r), then so must be the kinetic and interaction energy terms (T and U). For
every change in a ground state wavefunction there exists the same change in the ground-
state electron density. Therefore the ground state energy is a function of the variable
function, electron density, and can be written as a functional E[n(r)] hence the name;

density functional theory.

The second Hohenberg-Kohn theorem states that

the electron density that minimizes the energy of the overall functional is the true electron
density corresponding to the full solution of the Schrddinger equation (Sholl and Steckel
2009).
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For the correct n(r), E[n(r)] will equal the ground state energy. This value will be the

minimum value (Hohenberg and Kohn 1964). Therefore for a trial density function,

r](r)trial

N(Ntriat > N(Iexact (1-10)

and

E[n(r)]trial > E[n(r)]exact (1-11)

The electron density can be altered until the E[n(r)] is minimized allowing the relevant
electron density energy to be found. Because the ground state density will be the
minimum relative to variations of the trial density function the theorems follow the

variational principle (Hohenberg and Kohn 1964).

A previously-mentioned problem with the Schrddinger equation is that even a simple
wavefunction requires a large number of dimensions for solving (3N variables for N
electrons). Electron density is a function of only three spatial variables no matter the
number of electrons so the problem becomes much simpler (Jensen 2007), (Sholl and

Steckel 2009), (Hohenberg and Kohn 1964).

1.4.6 Kohn and Sham Equations

The Hohenberg-Kohn theorums were used originally to explain a homogenous electron

gas system in which the density could easily be determined because it is uniform. In
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molecular systems, however, the electron density is hardly uniform about the nuclei. In
1965 Kohn and Sham utilized the Hohenberg-Kohn theories to determine approximate
methods for treating inhomogeneous systems of interacting electrons (Sham and Kohn

1965).

Kohn and Sham first determined that a fabricated system with non-interacting electrons
would be much more easily analyzed. Such a system could be important if the ground-
state density were to be the same as that of a real system. Using the Hohenberg-Kohn

theorems an energy functional can be introduced such that

E[n(r)] = Te [n(r)] + Ven [N(1)] + Vee [n(N)] + AVee [n(r)] + AT [n(r)] (1-12)

where the terms refer to non-interacting electron kinetic energy (Te [n(r)]), nuclear-
electron interaction (Ven [n(r)]), classical electron-electron interaction (Ve [n(r)]),
classical electron-electron repulsion (AVee [n(r)]), and a kinetic energy correction term

relating to electron interaction (AT [n(r)]) (Cramer 2004).

Combining the T, Ven, and Ve as “known” this equation is further reduced into

E[n(n)] = EIn(N]known + E[N(N]xc (1-13)

where Exc[Wi] includes any additional quantum mechanical effects outside of the known
energy and includes the AV, and AT terms (Sholl and Steckel 2009). The XC stands for
“exchange-correlation” and has since been determined a misnomer due to the fact that the
term also includes the correction for the classical self-interaction and the difference in

kinetic energy between the non-interacting system and the true system (Cramer 2004)
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The key element in the success of Kohn and Sham equations was that they reduce the
difficulty of solving the Schrodinger equation for a wave function to 1) employing
Hohenberg-Kohn Theorems and 2) using a solvable set of equations which only use one
electron. To do this a one-electron wavefunction, Wi(r), was used to solve the Kohn-

Sham equation. The equations have the form:
[Te (r) + Ven(r)+ Vy(r) + Vxe(n)] Wi(r) = & Yi(r) (1-14)

Vy(r) is the Hartree potential defined by

Vu(r) = e [ &',)Id?’r’ (1-15)

|r—r

and n(r) is defined by Equation 1-16. This potential must be defined in order to solve the
Kohn-Sham equations. However, to solve for the Hartree potential the total n(r) must be
known. To solve for the density, a single-electron wavefunction must be known. To
solve for a wavefunction the Kohn-Sham equation must be solved. Because one issue

cannot be solved without the other, an algorithm is employed.

First, a trial electron density is defined, n(r)yiz. The n(r)gia is then used to solve the

Kohn-Sham equation and find a new ‘Pj(r) and new electron density, n (r)new Where
Noen(F) =2 X i (1) wj (1). (1-17)
If n(r)new satisfies
N(Ntrial = N(MNnew (1-18)

then the trial electron density is replaced with the new density and the ground state

electron density is self consistently converged therefore the total energy can be
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calculated. If not, then a new trial density is used and the process is repeated (Sholl and

Steckel 2009).

DFT shows that the energy expression for an atom or molecule contains an exchange

correlation functional (V) which depends on the exact electron density n(r) by

0Exc[n(r)]

VXC [r] = on(r)

(1-19)

The V. functional cannot be determined exactly for multi-electron systems and is usually
found empirically using a functional form which depends on the n(r) and its gradient.
This functional is classified as a general gradient approximation (GGA). The more
simplified Vxc’s are taken just from the functional of n(r) and are classified as the local
spin density approximation (LDSA) functionals. Most advances in DFT come from

estimations and alterations of this Vxc term.

In 1987 Chenteh Lee, Weitao Yang, and Robert Parr developed a GGA correctional
functional which allowed for determination of correlation potentials (Parr, Yang and Lee
1988). In 1997 Axel Becke discovered that better energies could be obtained by utilizing
a combination of LDSA and GGA functionals. A hybridization of these two discoveries
into a single calculations resulted in what is now known as “Becke exchange LYP
correlation” (BLYP), with LYP named after Lee, Yang, and Parr. This model comes in
various forms however the three parameter functional (B3) refined by Becke and first
employed by Jonathan Stevens is arguably the most widely utilized method (Cramer
2004). This method is called B3LYP and the model for determining the exchange energy

is defined by
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Exc, saye = (1-2)Ex-°PA + a BT + bAE,® + (1-¢)E.PA + cE-'P (1-20)

Where a, b, and c are 0.20, 0.72, and 0.81, respectively. Additional terms are Becke’s
term (B) and the Lee, Yang, and Parr correlation terms (LYP). Although there are other
functionals which exist, B3LYP has established itself as yielding consistently good
energies for a range of chemical systems (Jensen 2007). Therefore it is the method which

was utilized for all research presented in this thesis.

1.5 Thesis Outline

This thesis presents the work which has been achieved in the B3LYP density functional
theory investigation of Mo3sSxHy (x=6-8, y=0, 2, 4) nanoclusters. In chapter 2 various
low energy bare cluster structures (MosSy, x=5-9) are found. These bare cluster
structures were then utilized to explore the addition of H, and 2H; onto the clusters. It is
seen that H, preferentially absorbs onto terminal sulfurs as well as forms adducts in
which the H; is simply complexed. Hydrogen can and will interact with Mo and
increasing H, led to more structures with Mo-H bonds. Additionally, higher order Mo3S

(x=7, 8) tend to form H,S, a product seen under industrial conditions.

Using the determined structures, a reaction pathway is proposed for the desulfurization of
methanethiol in Chapter 3. Transition states for all intermediates of this pathway are
found and it is shown that the addition of hydrogen to the Mo3Sg cluster to form MozSgH>

was the most energetically favorable reactant cluster for the pathway. It is seen that the
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hydrogen can hop across the cluster forming various low energy structures along the way.
The importance of hydrogen addition to the cluster is revealed throughout. Concluding

remarks as well as future research directions can be found in Chapter 4.
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Chapter 2

DFT Investigation of H, and H,S Adsorption and Probing
of Vacancy Sites on Mo3S.g) Nanoclusters

2.1 Introduction

Despite global advances in creating sustainable energy sources the demand for petroleum
products continues to rise. It is expected by 2030 that the consumption of crude oil will
increase to over 120 million barrels per day ( U.S. Energy Information Administration
2013). As the production supply attempts to meet the increasing demand the request for
clean fuel is also rising as the regulations on impurities, such as the sulfur content,
become more rigorous. Concurrent with the demand and regulations is the noticeable
decline in feedstock quality which contains higher levels of sulfur impurities. The
process by which the sulfur is removed from the crude oil and made into clean, low-
sulfur transportation fuel is the hydrodesulfurization (HDS) process and maximizing its
efficiency is imperative. Commercially, molybdenum disulfide (MoS;) with Ni and Co
promoters is the most important HDS catalyst. The MoS, catalyst allows reductive
hydrogen to convert organosulfides to H,S, which can then be separated from a refined

product.

Bulk MoS; is a layered material, composed of a hexagonal close pack structure of Mo
atoms sandwiched between 2 layers of S atoms, with the MoS, layers weakly held

together by van der Waals interactions. Under sulfiding conditions, such as with H,S,
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the MoS; takes on a stable triangular morphology as a nanocluster (Walton, et al. 2013)
(Lauritsen, et al. 2004). Commercial catalysts operate under sulfo-reducive conditions
with partial pressure H,S/H; ratios ranging from 0.02 to 0.1. This results in activation of
the clusters producing coordinated unsaturated sites (CUS) or sulfur vacancy site where
the desulfurization is suspected to take place. A variety of STM imaging shows that HDS
catalysis likely takes place at these sulfur vacancy edge and corner sites of the MoS;
nanoparticles (Tuxen, Kibsgaard and Gobel, et al. 2010) (Lauritsen, et al. 2004). The
growing consensus is that that smaller MoS, nanoclusters (n < 6) show increased
catalytical activity for sulfur and oxygen removal, particularly for sterically hindered
sulfur complexes such as dibenzothiophene (Walton, et al. 2013) (Tuxen, Kibsgaard and
Gobel, et al. 2010) (Lauritsen, et al. 2007) (Wang, et al. 2013) (Tuxen, Kibsgaard and
Clausen, et al. 2009) (Besenbacher, et al. 2008). The limited resolution of these small

clusters with STM makes them prime candidates for theoretical studies.

Many plane wave density functional theory (DFT) and experimental calculations have
predicted chemical potentials, equilibrium structures, and different types of periodic
MoS; edges as a function of H,S/H, partial pressures and temperatures (Raybaud, et al.
2000), (Farag, Sakanishi, et al. 1999), (Rabarihoela-Rakotovao, et al. 2006), (Farag, El-
Hendawy, et al. 2009). Previous studies have shown the importance of the addition of
hydrogen to the cluster as the rate-determining step in vacancy creation (Paul and Payen
2003). However, only a few calculations have examined the structure of Mo3Sx clusters
and we have found no examples of structure calculations on Mo3Sy in the presence of
hydrogen. Previously performed B3LYP DFT calculations on different low energy

Mo3Sg clusters were used as a model for amorphous molybdenum trisulfide, MoS3. The
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two lowest energy Mo3Sg clusters were found to be within 25 kJ/mol of each other and it
was suspected that both structures could play a role in MoS3 chemistry (Jiao, et al. 2001).
Other studies have used plane-wave DFT calculations to the structural stability of
different Mo,Sy, clusters, with n=1-6 and m=n to 3n, and found several highly stable
nanoclusters (P. Murugan, et al. 2005) (P. Murugan, et al. 2007). Gemming et al have
performed DFT calculations using the Perdew-Burke-Ernzerhof (PBE) functional and an
augmented double zeta Gaussian basis set to find the low energy neutral and anionic
Mo3sS,, n=0-12, structures and compared their theoretical results with experimental
photoelectron spectra obtained for W3S,,” anions (Gemming, et al. 2010). Mayhall et al.
have performed B3LYP DFT calculations to compare the geometries and water
adsorption properties on MoszXs and MozXg clusters when X is sulfur or oxygen

(Mayhall, et al. 2011).

The goal of the present work is to theoretically examine the different structures of the low
energy nanoclusters which can be formed by three Mo atoms interacting with different
number of S and H atoms. The calculations survey how different extents of sulfiding Mo
influence the type and strengths of hydrogen interactions with a MosSx cluster. We
perform the MosSxHy calculations in the absence of any substrate interactions, and in
principle the low energy clusters should correlate with experimental STM images found
for small MoS; nanoparticles formed on weakly interacting substrates, such as Au(111)
or graphite (Walton, et al. 2013) (Tuxen, Kibsgaard and Gobel, et al. 2010) (Tuxen,
Kibsgaard and Clausen, et al. 2009) (McBride and Head 2009). We also expect the
MosSxHy clusters to model the local S and H interactions taking place with a Mo atom

which is partially or fully coordinated by other S atoms in a larger MoS, nanoparticle.
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One advantage of the present discrete MosSxHy cluster calculations is that they facilitate
examining the interactions between Mo, S and H atoms in the absence of any periodic

symmetry.

We theoretically investigate some of the Mo3Sx clusters which could be formed in a
reducing atmosphere. We start by first theoretically determining the lowest energy
structures of Mo3zSy, x=5-9 and discuss how these structures vary with S content. Since
hydrogen gas is a major component of the reducing atmosphere, we also survey for the
possible binding sites available for hydrogen adsorption by searching for low energy
MosSxHy, x=6-8, y=2, 4, structures. We discuss these cluster geometries and how the
strengths of the different Mo-S, Mo-H and S-H bonding interactions in MosSxHy vary
with the number of S atoms attached to the three Mo atoms. Concurrent with structure
analysis we find potential sulfur active sites based on calculated adsorption energetics of
the vacancy probe molecule H,S. The remainder of paper is organized as follows. The
computational methods are described in the next section. Then the Results and
Discussion section describes the structures found for the bare clusters first, this is
followed by describing the different Mo3SxH, and Mo3sSxH4 structures formed in the

order Mo3S7, M03Sg and Mo3Ses. Concluding remarks are given in the final section.

2.2 Computational Method

Local geometry optimization calculations were performed on several different initial trial

bare clusters to systematically search for all the possible low energy MosSy, Xx=5-9,
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structures. Typically, we only found two or three low energy Mo3Sx optimized structures,
but the Mo3SxH, and Mo3SxH, clusters were able to adopt many low energy optimized
local minima. Prior to starting the local geometry optimization of the Mo3sSxHy clusters,
two or four H atoms where added at various initial starting positions around the three
lowest energy optimized Mo3Sy, Xx=5-8, using the following different strategies. (1) The
simplest and most successful approach was to use chemical intuition and place 2 or 4 H
atoms in likely bonding positions on different S or Mo atoms in a bare cluster. (2) A
computer program was written to randomly place 2 or 4 H atoms on the surface of sphere
surrounding the bare Mo3Sy to search for possible additional structures which might not
be found on the basis of chemical intuition. (3) The resulting optimized MosSxHy
structures were examined for suggestions for other low energy MosSxHy.» structures. For
example, we found a few new low energy Mo3sSxH; structures when two H atoms were

removed from an optimized low energy MosSxH, structure.

The cluster energies were calculated using B3LYP DFT calculations using a modified
Stevens, Basch, Krauss, Jasien, and Cundari (SBKJC) effective core potential and
valence-only basis set for Mo and S (W. Stevens, et al. 1992) (Stevens, Basch and Krauss
1984) using the same basis set modifications to remove potential basis set linear
dependencies described in our early work (McBride and Head 2009). A diffuse sp
function of exponent 0.0405 and d polarization function with exponent 0.65 was added to
the sulfur SBKJC basis set. A diffuse sp basis function with exponent 0.03276 was
removed from the Mo SBKJC basis set. The Pople 31G basis set was used for H.

Frequency calculations were used to verify all optimized geometries were local minimum
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and estimate zero point vibrational energy corrections. All calculations were performed

using the GAMESS program. (Schmidt, et al. 1993)

To simplify comparing the energy of clusters with different numbers of S atoms, we have
calculated the relative energy of formation, A¢E, for each of the lowest energy MosSyHy

clusters relative to the lowest energy MosSy structure. AE is calculated from
AE(MO03Sxi7Hy) = E(M03Sxi7) — X E(S) — y/2 E(H2) — E(M03S7) (2-1)

where E(X) is the DFT energy plus ZPE correction for molecule X. E(S) is an empirical
S energy chosen so that AfE(H,S) matches the experimental energy of H,S formation, so

that
AfE(H,S) = E(H,S) — E(H,) - E(S) = -20.6 kJ/mol (2-2)

at 298 K (Hydrogen Sulfide 2011). This A¢E definition for the energy of formation of
elements in their standard states is zero. Consequently the energy to sulfide Mo3Sy to
Mo03Sx+1 is AfE(M03Sx+1) — AfE(M03Sx) and the energy for H, addition to Mo3Sx to

produce Mo3SxH; is AfE(M03SxH>) — AfE(M03Sy).

All of the determined Mo3SyHy structures are listed based on their respective hydrogen

adsorption energies (Eags) calculated by

Eads = E(M03SxHy) — E(M03Sy) - (Y/2)*E(H>). (2-3)

All of the A{E’s used in calculations are listed in Table 2-1.
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Table 2-1. Relative formation energies AE; in kJ/mol for lowest energy MozS,H, clusters calculated
relative to the MosS; cluster.

Molecule AE; (kJ/mol)
Mo03Ss 319.2
Mo3S 141.0

Mo3SgH, 102.1

Mo3SgH, 121.6
MosS; 0.0

MosS;H, -51.8

Mo3S;H, 12.9
Mo3Sg -140.1

Mo3SgH, -103.2

Mo;SgH, -95.8
Mo3Sg -188.6

2.3 Results and Discussion

The resulting structures are presented and analyzed in three sections. First, trends in bare
MosSx clusters are explored. Next, the 16 lowest energy MosSxHy structures found are
evaluated as H, and 2H, added to the low energy clusters per their H, adsorption
energies. Finally an assessment of the formation of vacancy sites is presented in terms of

H,S adsorption as well as H,S formation on the cluster as a result of H, addition.

The evaluations are made relative to the theoretical sulfiding and H,S desorption energies
given in Table 2-2. Comparisons to these energies will be made throughout the

discussion.
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Table 2-2. Theoretically calculated sulfiding (1), H.S desorption (2), and H, reduction/H,S desorption (3)
reactions presented as reaction energies (AE(n)). All energies are displayed in kJ/mol.

(1) Sulfiding energy:

(2) Desorption of H,S:

(3) Absorption of H, leading to H,S loss:

MosSHy + S > Mo3S,.qHy

AE(1) = AE(MO3S,e1H,) - AE(MosSH,)

MOgSXHy 9M035X_1Hy_2 + st

AE(2) = AE(MO5S,1H,5) + AE(H,S) - AE(MosS,H,)

Mo3S,H, + Hy = MosS,1H, + H,S

AE(3) = AE(MO3Sc.1H,) + AE(H,S) - AE(Mo3S,H,)

Reactant Mo3S,H,

Sulfiding
AE(1) > Mo3S,.Hy

H,S Loss

ArE(Z) — MO3SX.1HV.2

H, reduction/H,S desorption
A/E@B) — MosS,1Hy

MosSs -178.2
Mo;SsH, -264.6
Mo;Ss -141.0 157.6
Mo3SgH, -154.0 163.0 244.0*
Mo05SgH, -134.5 224.5
MosS; -140.1 120.4
Mo;S/H, -51.4 172.2 133.3
Mo5S;H, -82.9 97.8 113.9
MosSg -48.5 119.5
Mo;SgH, -82.0 82.6 30.7
Mo0;SsH, 26.1 23.4 62.3
MosS, 27.8
Mo;SeH, 24.4 61.3
Mo0;SgH, -54.1 -46.7

! Approximate because of poor estimate for lowest energy MosSsH, structure
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Figure 2.1 shows the structure for the lowest energy MosS; cluster found and illustrates
the labeling scheme used to describe various types of S atoms which typically occur in
the Mo3Sx clusters. The terminal sulfur, Sy, binds to a single Mo atom. The bridging
sulfur, Sg, bonds with two Mo atoms. The three-fold sulfur, S;, binds at the center of the
three Mo atoms. We also find examples of structures containing Sp, a disulfide anion Sy,
as either 2 St atoms bound to the same Mo atom, or 2 Sg atoms bridging between the

same pair of Mo atoms.

Figure 2.1 Bare cluster Mo3S; showing various types of sulfurs seen: S; (terminal sulfur), Sg (bridging sulfur
between two molybdenums), and S; (tri-bridging sulfur between three molybdenums). Sulfur (yellow),
Molybdenum (black).
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2.3.1 Trends in bare cluster structures

Figure 2.2 shows the lowest energy structures found for MosSy, x=5-9. We use the
notation Mo3Sy-E to label the different Mo3Sy structures where E =1, 11, 111, and IV is in
order of the cluster relative energy. We also write MosSx-E(a,b,c) where the (a,b,c)

indicates how many S atoms are coordinated with each Mo atom.
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S5-1 0.0 $5-11 17.2  S5-1l 18.7 S5-IV 52.6
S6-1 0.0 $6-11 19.5  S6-lll 121.4 S6-IV 147.0
Q@‘ c& uﬂ\t“;(
$7-1 0.0 S7-11 23.0  S7-lll 69.9  S7-IV 86.6
C/ J

$8-1 0.0 $8-1 34.9  S8-lll 138.7 S8-IV 149.7
(di, < i i ¢ ’;g?
S9-1 0.0 $9-1l 110.4  SO-ll 153.5 S9-IV 180.6

Figure 2.2 Lowest energy MosS,, x=5-9, structures. The energy in kJ/mol of each structure is
relative to the lowest energy MosS, structure with the same number of S atoms given in left column
of the figure.



The bare Mo3S clusters in Figure 2.2 all have 3 Mo arranged as a triangular core, with
each Mo coordinated with between 2 to 4 S atoms. To describe the structural relations
between the different Mo3Sx clusters it is convenient to take the lowest energy MosS;
cluster, S7-1, as a reference structure. Structure S7-11 (4,4,4) has C3v symmetry, and each
Mo is coordinated by 4 S atoms, one S3, one Stand 2 Sg. It does appear that all low
energy bare cluster structures found resemble the triangular morphology previously seen

in STM imaging (Tuxen, Kibsgaard and Gobel, et al. 2010) (Hansen, et al. 2011).

Each series of M03Sy structures shown in Figure 2 can be related to each other by moving
a single S atom to a different bonding position, or by the addition/removal of a single S
atom to a parent Mo3Sy structure to give a member in the Mo3zSy+; series of clusters. The
simplest S atom movement which produces the second lowest energy MosS; cluster,
S7:-11, at 23 kJ/mol higher energy is when one of the St atoms on S7:1 is moved to a
neighboring Sg position thereby repelling the S3 atom to a St position on the opposite
side of Mogs triangle. The resulting S7-11 structure contains two disulfide anions Sp, one at
a terminal position and the other bridging two Mo atoms. The third lowest energy cluster,
S7-111, is produced when Sz in S7-1 shifts to a St position. The Mo coordination numbers
for the three lowest energy MosS; clusters: S7-1(4,4,4), S7:11(4,4,3) and S7:111(4,3,3)
suggest that the lowest energy MosSx clusters are obtained when the Mo atoms are
coordinated by 4 S atoms. The relative energies for S7-11 and S7-111 suggest that the Sg is
the mostly tightly bound atom to the Mo atoms, followed by S3 and the St is the most

labile. This latter trend is also apparent in the Mo3Sy clusters when x is less than 7.
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The energy ordering for the Mo3Sg clusters follows similar trends to those found for
MosSy7: the lowest energy structure S6-1(4,4,3) is obtained when a St atom is removed
from the Mo3S7-1 reference followed by the S6-11(3,3,3) and S6-111(4,3,3) structures
where a Sz and a Sg atom, respectively, are lost from the Mo3S;- I reference. The energies
for S6-1 and S6-11 only differ by 19 kd/mol, since both structures contain three Sh atoms
which each strongly bind with 2 Mo atoms. In contrast, even though S6-111(4,3,3)
contains one Mo coordinated by 4 S atoms, it is 102 kJ/mol higher in energy than the

S6-11(3,3,3) structure because there are only two Sg atoms in S6-111.

The lowest energy MosSs cluster, S5-1(4,3,3), illustrates that removal of two St versus
removal of a St and S3 from the S7-1 reference is preferred. The next two higher energy
S5:11(3,3,2) and S5-111(3,3,3) clusters form structures which maximize the number of Sg
and minimize the number of St atoms on the clusters. In the even higher energy

S5-1V(4,3,3) cluster one of the Sg atoms moves to a Sz position.

Applying the same trends found above to adding S atoms to the reference S7:1 cluster to
Mo3Sg suggest that the additional S should preferentially bind at a Sg site, whereas
binding at a Sz position would give a higher energy structure, and St binding would give
the least stable structure. The lowest energy MosSg cluster, S8-1 does correlate with
adding S to a bridging site on S7:1, but presumably the close proximity of the new Sg
atom to the S3 atom causes the S; to move and become a St atom. An interesting aspect
of the resulting S8-1(4,4,4) structure is that each of the 3 Mo atoms is coordinated by 4 S
atoms and it contains two disulfide anions Sp similar to Mo3S7-1l. We tried to find a

Mo3Sg structure similar to the lowest energy Mo3;Sg™ anion found by Gemming et al.
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(Gemming, et al. 2010) where a second S3 atom is added to S7-1 to produce a structure
with Dsh symmetry with each Mo coordinated by 5 S atoms. However, the starting
structure had a high single point energy which always distorted to a lower energy
structure, such as S8:1, in the geometry optimization calculation. Whereas, adding a St
atom to the S7-1 reference optimized to the second lowest energy S8-11(4,4,4) structure
where one of Sb atoms is repelled by the incoming St atom and moves to a St position on
the neighboring Mo atom. Again each Mo atom in S8-11 is coordinated by 4 S atoms, and
despite having one less Sg atom than S8:-1, it is only 34 kJ/mol higher in energy than S8-1.
The S8:111 structure appears to be fairly similar to S8:11, but it has much higher energy.
This is due to the two Sg atoms being above and the S3 being below the Mos plane in
S8:11 resulting a larger Mo-Mo-Mo angle than in S8-111 which reduces the steric

repulsion between the 4S+ which are bound to 2 Mo atoms.

Building on the idea that low energy MosSx clusters favor sulfur being in bridging
positions, adding a Sg to S8:1 to form a Mo3Sq cluster does appear to be possible, but it
results in the second lowest energy structure, S9-11(5,5,4) being formed, with 110 kJ/mol
higher energy than S9-1(4,4,4).This high energy is presumably due to two of the Mo
atoms in S9-11 being coordinated by 5 S atoms. Adding a St atom to S8-1 appears to be
more favorable to produce the lowest energy MosSg structure, S9-1. The S9-I structure is
formed at the expense of converting one of the Sg atoms to a St atom and thereby enable
each of the Mo atoms to be coordinated by 4 S atoms where a disulfide Sp anion is
present at each cluster corner. Mayhall et al. found the Mo atoms in the lowest energy
Mo3Sg™ structure to be almost linear (Mayhall, et al. 2011), we have not looked for

structures with a linear Moz arrangement. The much higher energy S9-11I structure is
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formed if the Sp dimers and Sg atoms in S9-1 swap positions, where the energy expense
of swapping the S atom positions arises because each Mo atom is not coordinated by 5 S

atoms.

In summary, the relative energies for the bare Mo3Sy structure appears to depend on
number of different Sg, Sz and St atoms in the cluster, where the greatest cluster energy
lowering is given by the atom order Sg > S3 > Sy. We find the disulfide anion, Sp, starts
to be present in low energy clusters when x > 7 at both terminal and bridging positions.
The cluster energy is also dependent on the number of S atoms coordinated to each of the
Mo atoms. Low energy cluster structures favor Mo coordination numbers of 4 >3 >2 >
5, whereas Mo coordination numbers greater than 4 always result in high energy

structures.

2.3.2 Discussion of Mo;ScH, clusters

Figures 2.3 to 2.8 illustrate that the hydrogen atoms on the MosSyH, form a large
collection of different structures over the underlying MosSy clusters. The variety of these
different Mo3sSxHy structures is increased when the bare MosSy cluster can adopt more
than one low energy structure. In the present work we have only considered MosSyHy
structures with y = 2 and 4 as this corresponds to when either a complete H, or H,S
molecule is added or removed from the cluster. We find that the H atom arrangements in

the different Mo3SxH> structures can be divided into various broad types:
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1. 2 H boundto S atoms.

a. 2H on different S.

I. 2H bound to two different St
ii. 2H bound to a Sy and a Sg/Ss.

b. 2H on the same S. The low energy forms of these structures typically
consist of 2 H atoms bound at a Sy atom and resemble likely precursor
structures for cluster loss or gain of H,S.

2. 2 Hbound to Mo atoms.

a. 2H complexed at a single Mo atom. The H-H distance is similar to H; gas
equilibrium bond length.

b. 2H dihyrdride at a single Mo atom. The H-H distance is much longer than
for H, gas and two Mo-H bonds are formed. The structure typically is at
higher energy than when H; is complexed at the same Mo position.

c. 2H bound on two different Mo atoms. These are possible intermediate
structures as a H atom hops around the Mo3Sx cluster.

3. 1 Hbound toaS atom and the other H bound to Mo atom. It maybe through these
types of structures that MoS; is able act as a desulfurization catalyst. The H hops
between different S and Mo atoms. However, we have only recently started
examining the H hopping pathways across Mo3sSx clusters and our preliminary

calculations suggest that both Mo-Mo and Mo-S hopping may take place.

Table 2-3 summarizes types of Mo3SxH; by the bonding found in the MozS«H> structures
shown in Figures 2.3-2.8. Increasing the number of sulfur atoms in the complex leads to

three things. First, there is an increase in the number of low energy structures seen where
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2H do not bind at the St’s. Second, there is a decrease in 2H binding at the Mo. Finally,
there is an increase in the number of 2H on the same St. This is a reasonable pattern as it
shows that increasing sulfur in the cluster likely reduces the number of available binding
sites for hydrogen on the Mo. Consequently this essentially pushes the H atoms towards

the St atoms resulting in more H,S precursors being formed.

Table 2-3 Type of bonding present in the 16 lowest energy structures of MosS,H, for x=6, 7, 8
structures shown in Figures 2.7, 2.3, and 2.5, respectively. Alphabetic labels are that of the respective

structure labels in the figures. Bonding types are listed according to the outline above.

Bondin
Bonding Type Descripti%n MosSgH, (Figure 2.7) | MosS;H, (Figure 2.3) | MosSgH, (Figure 2.5)
lai 2H on diff S; C,N,P A B,C,D,I
2H on diff St and

laii Sg/Ss M F E,F,K L
1.b. 2H onsame S - L,N H, M, P

2.2 2H complex on Mo B, E I D, G A

2.b 2H dihydride on Mo L E IP -

2.C 2H diff Mo D, J, K K, M, O -

3 Mix A G H O B,C,H,J G,J,N,O

Table 2-4 shows how some of the Mo3SxH, x=6-8 structures begin evolve as H,S is
formed. The Mo-St bond length is 2.179 A when no H atom is present on the St. This
length increases to 2.388 A with the addition of 1 H to Sy and 2.652 with 2 H. In
addition, the St-H length decreases with additional hydrogen towards the equilibrium
H,S bond lengths, from 1.386 A to 1.383 A. It therefore seems reasonable to conclude

that H,S is, in fact, forming or adsorbing as an adduct to the nanoclusters.
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Table 2-4 Summary of Mo-S and S-H bond lengths for which the addition of hydrogen to terminal
and bridging sulfurs and resulting in changing bond lengths for Sy, S+-H, S1-2H, Sg, Sg-H, Sg-2H to
be compared with bond lengths of H,S.

Atom | Mo-S Bond Lengths (A) | S-H Bond Lengths (A)
St 2.179 + 0.036 NA
St-H 2.388 + 0.004 1.386 + 0.002
Sr-2H 2.652 + 0.040 1.383 + 0.001
Sg 2.360 + 0.033 NA
Sg-H 2.529 + 0.016 1.387 + 0.001
Sg-2H 2.510 + 0.100 1.391 + 0.009
H,S NA 1.369

The Mo3SxH, structures illustrate that on these relatively small Mo3sS clusters there are
more than two available sites for H adsorption. We have also found some Mo3SxHe
structures but we do not discuss these results in the present paper. We find that many of
the relative energy trends in the Mo3SxH, structures can be rationalized by comparing the
positions of the 4 H atoms to the H atom positions in two different low energy Mo3sSxH,
structures. It is not surprising, therefore, that the Mo3S; and Mo3Sg clusters tend to have
more low energy structures with fewer H-Mo bounds than those found in the Mo3Ss low
energy structures. Table 2-5 shows a summary of 2H binding of the five lowest energy

Mo3S,H. structures which will be discussed in more detail.
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Table 2-5 Types of bonding found in 5 lowest energy structures of Mo;SxH, for x=6, 7, 8 seen in
Figures 2.8, 2.4, and 2.6, respectively. Alphabetic labels are that of the respective structure labels in
the figures. Bonding types are listed according to the outline above.

Mo3SeH, Mo;S;H, Mo;SgH,

Bond Type Bond Description (Figure 2.8) (Figure 2.4) (Figure 2.6)

la.i 2H on diff St B,C,D A B,C,DE| ABCNDE

l.a.ii 2H on diff St and Sg/S;

1.b. 2H on same S

2.a 2H complex on Mo A E

2.b 2H dihydride on Mo B,C,D

2.c 2H diff Mo A E

3 Mix A B,CDE D E

There is a clear separation between the 6S versus the 7 and 8 S structures in terms of H-
Mo binding. Like the Mo3SyH,, the Mo3SxH, structures also provide insight into the
presence of 2 extra H atoms facilitating a lower energy precursor structure which enables

easier H,S loss than from a Mo3S,H> cluster.

In the next few sections we discuss in more detail the structural features found in
Mo3SxH, and Mo3SxH, clusters. We start by arbitrarily choosing to discuss the Mo3S7H,
and Mo3S7H, first, and then use these structures as a reference for comparing with the
other MozSxHy structures. We then describe the Mo3SgH, and Mo3SgH, structures, and
how the extra S atom markedly reduces the H adsorption on the cluster. We finally
discuss the Mo3sSgH, and Mo3;SgH4 clusters, where the Mo atoms are less saturated with
the S atoms and consequently these clusters appear to more readily interact with

hydrogen than found for the clusters with 7 or 8 S atoms.
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2.3.3 H, and H,on MosS;, clusters

2.3.3.1 Mo3S7H;

Figure 2.3 shows how the 2 H atoms bind at various positions on the two lowest energy
MosS7 clusters. In the lowest energy structure, A, each of the H atoms bind with a
different terminal St atom on the S7-1 structure. Structure F illustrates that the energy of
structure A is raised by 67 kJ/mol when one of the H atoms bound to St is shifted to a
bridging Sg position. Structures L and N show that the cluster energy also increases

when both H atoms are bound to the same St atom.

¢
M 49.9 N 53.0 O 62.5 P 67.7

Figure 2.3 The 16 lowest energy structures found for MosS;H,. The energies, in kJ/mol, are listed in
increasing order and are the E,4 for H, on Mo;S,.
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Structures B, C and H are examples of where one H atom binds to a Mo atom and the
other H with a St. Structure C is 4 kJ/mol higher in energy than B because the H atom on
St have different orientations on the St. Whereas, the H atom adsorbed on the Mo atom
in structure H is slightly closer to the St-H than in structures B and C. This suggests the
Mo atoms in S7-1 may have more than one H atom binding site available, but with quite
different adsorption energies. The higher energy structure J is similar to B, but in J the
two H atoms are bound to neighboring Mo and S atoms suggesting that a lower cluster

energy is obtained when the two H atoms are not close to each other in this structural

type.

We have also found examples, structures D, E, G and I, where both H atoms are bound to
a single Mo atom. Structures D, E and | correspond to H; binding to one of the equivalent
Mo atoms in the lowest energy S7-1 cluster. The H, adsorption at the Mo atom results in
the position of the Sz atom to be distorted and become one of the two Sg atoms bridging
the 2 Mo atoms on the opposite side of the cluster. In structure D and G the H, molecule
complexes with one of the Mo atoms, whereas in E and | the H, forms a hydride on the
Mo atom where the H, bond is broken and the Mo-H distance is much shorter. Hydride
formation is energetically less favorable than forming a H, complex. Structures G and P
are examples of the H, complex and hydride, respectively, at the 3 coordinate Mo atom in
the bare S7-11 cluster. Not surprisingly, the energy difference between the two Mo3S;H;
complex structures D and G is 23.0 kJ/mol, which is the same energy difference as found

for the two lowest energy MosS; clusters.
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Finally, structures K, M and O are examples of where the 2 H atoms are bound to 2
different Mo atoms. In K both H atoms are below and the S3 atom is above the plane
formed by the 3 Mo atoms, whereas in O the two H atoms are on opposite sides of the
Mojs plane. Presumably the two lower energy structures, K and M, could be formed as
one of the H atoms hop around the cluster. Structure M might be formed in a H atom
hopping pathway starting from the hydride structures E or | where the H atom hops
directly from the Mo atom coordinated by 3 S atoms to its final position on the Mo atom
binding with 3 Sg and St atom, or by a 2 step process where the H binds with a Sg atom
in an intermediate structure before forming structure M. However, based on the relative
energies obtained for the Mo3S7H; clusters, we anticipate that an intermediate with a Sg-
H bond would have unfavorably high energy. Structure K could be formed from M by the
other H atom at the Mo atom coordinated by 3 S atoms hopping to its final position with
one of bridging S atoms to move to a Sz position, or alternatively by the H atoms staying
attached to the same Mo atoms as in structure M and instead one of the Sg atoms move to

S3 position.

2.3.3.2 Mo3S7H,

The geometries for the 5 lowest energy Mo3sS;H, structures, A to E, shown in Figure 2.4,
correlate with the structural trends found for the lowest energy MosS;H, clusters. Three
of the H atoms are each located on the three available St atoms and the fourth H atom
binds with a Mo atom, where the 4 H atoms are in a combination of the same H atoms

positions occurring in the Mo3S7H, A and B structures.
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M 119.0 N 123.0 O 123.0 P 124.5

Figure 2.4 The 16 lowest energy structures found for MosS;H,4. The energies, in kd/mol, are listed in
increasing order and are the E.4 for 2H, on Mo3S-.

Structure A has all of the St-H bonds orientated on the same side as the S; atom to
produce a structure 29 kJ/mol lower in energy than structure B through E. Presumably,
the small 5.3 kJ/mol energy difference in the B to E structures is due to the
conformational variation of the St-H bond directions. Structures F through J are at 50

kJ/mol higher energy than the B through E structures. This higher energy is a result of
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one of the H atoms in the A to D structures being shifted to a higher energy binding
position. For example, structures F, | and J include a H atom bound to a Sg atom.

Structures K, N and P are examples of structures with two H atoms on the same S+ atom.

The addition of an extra S atom to the Mo3Sy clusters lowers the Mo3;Sg formation energy
by 140 kJ/mol but the higher S coverage of the 3 Mo atoms presumably reduces the
number of available H binding sites so that the H, adsorption energy on Mo3Sg is always
positive even for the lowest energy Mo3sSgH, and MosSgH, structures shown in Figures
2.5 and 2.6. Nonetheless, the binding of two and four H atoms to Mo3Sg exhibits similar

trends to those found for the Mo3S;H, and Mo3S7H4 clusters.

2.3.3.3 Mo3SgH;

Figure 2.5 shows the lowest energy Mo3SgH, structure, A, involves a H, complex at a Mo
atom in the lowest energy S8-1 cluster. The next two lowest energy Mo3sSgH structures, B
and C, have the H atoms bound at different terminal St sites on what resembles Mo3S8:11
cluster. We actually started the B and C geometry optimizations with the H atoms at St
atom sites in the Mo3S8:1 structure. At 5 kJ/mol higher energy is structure D where the 2
H atoms bind with two neighboring St at a single Mo in the S8-1 structure. Comparison
of the D and I structures suggests that there are 2 different types of St atoms in the S8:1
structure. The two St atoms which bind with the same Mo atom form stronger St-H
bonds than with the other St atoms which are each separately attached to an individual

Mo atom.
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I 68.7

c ¢
M 81.7 N 34.6 O 88.8 P 103.9

Figure 2.5 The 16 lowest energy structures found for MosSgH,. The energies, in kJ/mol, are listed in
increasing order and are the E,q for H, on M03S;.

In contrast to the higher cluster energies obtained when a H atom binds to the Sg atom in
Mo3S7, the Mo3SgH, structures E and F both contain one Sg-H bond which are lower in
energy than structure | with the 2 St-H bonds. Structures E and F are formed when a H
atom at a St position in structure | shifts to a Sg bridging position. We also find structure

H with two H atoms bound to the same St atom to be less favorable than when the two H
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atoms are at different St sites such as in structure D, but structure H is slightly lower

energy than I.

Structures G and J are examples where one H atoms binds to a Mo atom in S8-:1 cluster
and the other H binds with a St. In G and J one of the H atoms binds with the same Mo
coordinated by two S+, but differ in how the St-H bond is orientated. At approximately
20 kJ/mol higher energy than G we find the structures N and O where one H atom is
bound at the Mo atom coordinated by one St atom, and where the other H atom is bound

on the neighboring St atom.

The close proximity of the two H atom in the N and O structures suggests this might be a
precursor structures for H,S loss. The shorter H-H distance in N and O seems to raise the

energy of these cluster relative to the G and J structures.

Structure A where H;, forms a complex with a Mo atom is the only example we have
found where both H atoms bound to a single Mo atom. We did not find any examples of
the two H atoms forming hydrides with two different Mo atoms and is consistent with the
eight S atoms in Mo3Sg almost completely saturating the outer H binding sites available
with the Mos atoms, while the structures G and J facilitate one H atom binding to the
interior of the Mog ring. Structures N and O are examples where a single H atom binds

with a Mo atom which is also coordinated by 3 Sg-B atoms and a St-H group.
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2.3.34 M0388H4
The low energy Mo3sSgH, clusters shown in Figure 2.6 exhibit structural trends related to

those found in the Mo3SgH> clusters.

/
@ )
A 44.3 B 48.6
; /
(]
E 104.0 F 104.3
] 122.5
@ i ? @
M 134.3 N 135.1 O 136.8

Figure 2.6 The 16 lowest energy structures found for MosSgH,4. The energies, in kd/mol, are listed in
increasing order and are the E,q for H, on Mo3Ss.
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Structures A and B are can be regarded as two different possible conformers formed from
a combination of the Mo3sSgH, D and | structures where each of the four H atoms are
bound to a different St atom, while the other S atoms are Sg atoms bridging pairs of the
Mo atoms. There is a gap of 45 kJ/mol gap to the next higher energy Mo3SgH, clusters.
Structure C has 3 H on the St atoms and one H atom on the Mo atom farthest away from
the other H atoms. The H atom favors bonding at the Mo atom farthest from the other H
atoms bound to Sy atoms because one of the 4 Sg atoms in M03;Sg becomes a Sz atom.
Structure E, like A and B consists of 4 St and 4 Sg atoms, but is at 10 kJ/mol higher
energy. The reason structure E has higher energy is similar to our N and O structure
Mo3SgH, discussion: the cluster energy is raised when there is a H atom binding to a Mo
atom which neighbors a St-H bond. Structure D follows the trend found previously that
the energy of the structure is raised by about 50 kJ when a H atom is moved from the St
atom binding site to a Sg position. Finally, we also find two structures where 2 H atoms
are bound as hydrides to Mo atoms. In cluster | there are 2 H atoms bound with two

different Mo atoms, while in cluster J there are two H atoms bound to the same Mo atom.

2.3.3.5 Mo3SgH>:

Figure 2.7 shows Mo3Ss forming two low energy structures, structure | which consists of
3 Sg, 2 St and 1 Sz atoms, and at 20 kJ/mol higher energy structure 1l with 3 Sg and 3 St
atoms. We find the Mo3sSgH, structures to incorporate both the type I and Il Mo3Sg
backbones. The low energy MosSgH, structure, A, has one H bound at an open Mo atom

and the other bound with a St atom on a S6-1 backbone where both H atoms are above

47



the Mos plane and on the same side as the Sz atom. F and G are significantly higher
energy examples of this structure type, indicating that the open Mo atom has more than
one site available for H atom binding. In F and G the second higher energy H atom
binding site with Mo is on the opposite side of the Mos plane from S;. The different
orientations of the St-H bond results in structure G being 3 kJ/mol higher energy than F.
Structure H is a similar to F and G except the H atom binding to the Mo atom is now
closer to the other H atom on St resulting in about 20 kJ/mol higher energy. At much
higher energy is structure O which also has one H bound to a Mo atom and the other H

atom bound to a St but now on the S6-11 backbone.
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1 24.8 K 43.4 L 48.6
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L=

M 50.6 N 59.5 O 60.4 P 60.85

Figure 2.7 The 16 lowest energy structures found for MosSgH,. The energies, in kJ/mol, are listed in
increasing order and are the E,q for H, on M03S;.

The second lowest energy MosSgH, structure, B, has a H, complex at the open Mo atom
in the S6-1 cluster. The availability of second H, binding site at the open Mo atom is
shown with structure E at 18 kJ/mol higher energy. This correlates well with the Mo3Sg
bare cluster | to cluster 1l at a change of 19.5 kJ/mol. The H, complex in E is rotated by

90° and the S3 position is shifted relative to the atom positions in B. The two H atoms in
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Structure L become hydrides at the same Mo atom but with 45 kJ/mol higher energy than
structure E. We also found two structures, D and K, where each H atom form hydrides on

two different Mo atoms in the S6-1 backbone.

Similar to the low energy MosS;H, and Mo3SgH, structures, we find a low energy
MosSgH, structure, C, which has each H atom binding with two of three St atoms
available in the higher energy S6-11 structure. The N and P structures at about 66 kJ/mol
higher energy than C also have each H atom binding with the two available St atoms in
S6-1. Presumably the H atom binding to the St reduces the Mo-S+ binding destabilizing
the type I structure significantly more than S6-11. Structure M at 57 kJ/mol higher energy
than C, where one of H atoms at St in C is shifted to Sg position in H illustrates again
that an H atom binding to a Sg atom is less favored than St binding. However, because
the S6-11 backbone is more stabilized by 2 H atom binding to S than the type | backbone,
M has lower energy than the N and P structures where both H atoms bind with 2 St

atoms.

2.3.3.6 MO386H4

All of the structures shown in Figure 2.8 have at least one H atom binding with a Mo
atom. The collection of structures can be broken into four very low energy cluster types,
then E and two very similar structures F and G with an intermediate H, adsorption energy
at around 30 kJ/mol, and finally into a range of several different structural times starting

at 20 kJ/mol higher energy. The lowest energy MosSgH, structure A consists of a H;
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molecule forming a complex at the open Mo atom and two Mo-hydride bonds, with one
of the hydride bonds being with the open Mo atom. Finding A as the lowest energy
Mo3SgH, structure is consistent with the low energies structures found for the Mo3SgH,.
The H atoms in Mo3SgH4-A appear to be at the same positions as the H atoms in a

combination of the low energy Mo3;SgH, structures B and D.

E 26.4 F 29.3

H 50.9
¢
(% L['
| 51.9 L 70.4

P 82.0

M 72.4 N 79.0

Figure 2.8 The 16 lowest energy structures found for MosSgH,. The energies, in kJ/mol, are listed in
increasing order and are the E,q for H, on Mo3S;.
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The next three lowest energy MozSgH, structures, B, C and D, are similar in that they
consist of a H atom bound to the two available St atoms and two hydride atoms bound to
the open Mo atom. The different St-H bond orientations results in with similar energies.
The 3 Mo3SgH, structures, B-D, could be formed from a combination of Mo3sSgH>
structures C and D where the M03S6-11 framework in Mo3SgH, structure C is converted
into a M03S6-1 framework when the two hydride atoms are at the open Mo position. By
using a similar argument, the intermediate energy MosSgH, structures F and G can be
derived from the Mo3;SgH; structures F and H. The 40 kJ/mol higher energy of Mo3Se¢H,4 F

and G is probably due to the long Mo-Sg bond in these two structures.

2.3.4 H,S on Mo3SyHy clusters

Several of the Mo3SxHy structures shown in Figures 2.3 to 2.8 contain a S atom binding
with 2 H atoms and correlate with H,S being adsorbed on the MosS,.1Hy., cluster. These
structures are likely precursors for the H,S loss in the HDS catalysis. In this subsection
we examine which of the different sized MosSyHy clusters most readily favor H,S
desorption. Table 2-6 compares the number of structures containing H,S with the S/Mo
and H/S atom ratios for the 16 lowest energy Mo3S,Hy structures shown in Figures 2.3

to 2.8.

52



Table 2-6 Summary of H,S formation on lowest 16 energy clusters (Figures 2.3-2.8) showing increase
in S/Mo ratio concurrent with increase in H/S ratio leads to increase in number of H,S formed.
Structures are labeled according to the alphabetic label in their respective figure.

Structure, Figure Structures with H,S Present S/Mo ratio H/S ratio
Mo03SeH,, 2.7 NA 2 0.33
Mo03SeH,, 2.8 | 2 0.67
Mo3S/H,, 2.3 L, N 2.3 0.29
Mo3S;H,, 2.4 K, N, P 2.3 0.57
Mo3SgH,, 2.5 H, M, P 2.7 0.25
Mo03SgH,, 2.6 F,H I,N 2.7 0.50

We find the higher the S/Mo ratio, the more structures where H,S is present are seen. For
each S/Mo ratio, the higher H/S ratio also leads to an increase in H,S formation. This
suggests the question of whether or not H,S was preferentially lost with higher-order S
clusters. If H,S is more readily desorbed from these high sulfur clusters then potentially
it is more easily absorbed onto the lower coordinated clusters. This would allow a
probing of vacancy sites as energetically unfavorable desorption of H,S would indicate a
CUS or S vacancy site on the cluster. In Table 2-7 the energies for the H,S desorption

reaction

were analyzed via two scenarios; direct and relaxed. The direct desorption energy was
calculated using the energy of specific structures with H,S listed in Table 2-6 and energy
of the structures formed after H,S is lost. The relaxed desorption energy was calculated

using the lowest energy structures for each structure in the reaction.
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Table 2-7 Calculated H,S desorption energies in kJ/mol for both theoretical and direct desorption.
Alphabetic labeling is based on the respective labels in Figures 2.2-2.8.

Structure | = Structure 2 (+ H,S) Theoretical H,S Desorption E Direct H,S Desorption E
M03SgH,-A > S5-I 197 NA
M03SgH4 A 2> MozSsH,-A” 163 -
M0;3SgH4: 1 > M03SsH,-A” - 92
Mo;S;H, A > S6-| 172 -
Mo3S/H,-L > S6:I - 79
Mo3S/H,-N-> S6-| - 67
M03S;Hs A 2> MosSeH,-A 98 -
M03S7H,-K 2 Mo3SgH,-K 68
M03S7Hs-N > Mo3SeH,-Q” - 59
Mo03S;H4-P> Mo3SeH,-P - 54
Mo;SgH, A > S7-1 83 -
Mo;SgH,-H > S7-1 - 53
Mo;SgH,-M > S7-11 - 61
Mo3SgH,-P >S7-VI© - 106
M03SgH,-A 2> Mo3S/H,-A 23 -
M0;3SgH4-F > MosS/H,-C - 9
Mo3SgHs-H 2> MosS/Ho T - 86
M03SgH4: 1 > M03S;H,-M - 47
M03SgH4-N > Mo3S;H,-Z” - 95

“Structure energy was calculated but the structure is not displayed in the figures.

The theoretical H,S desorption energy is inversely related to the amount of sulfur and
hydrogen on the cluster. An increase in the S/Mo and H/S ratios not only increases the
amount of H,S formed on the clusters it lowers the H,S desorption energy facilitating a
H,S loss. The helps even further to confirm that H,S is being formed and preferentially
lost on clusters with greater S/Mo and H/S ratios. The direct desorption energies tend to

vary as after H,S loss.
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H,S can also be thought of as a probing ligand for S vacancy sites. If the H,S desorption
energy from the cluster is high, consequently its absorption energy onto the cluster is low.
In the HDS process, a MoS;, nanoparticles are first reduced with H, to produce a S
vacancy sites and HS. Increasing the number of S such as in MosS7Hy and Mo3sSgHy, y =
2 and 4, showed the most H,S formation as well as the highest H,S absorption energies.
However, clusters MosSegHy, y = 0, 2, and 4, which display the lowest H,S absorption
energies, should preferentially absorb the H,S. Because of this it would appear that, for
the nanoclusters MosSyHy, X = 6-8, y=0, 2 and 4, the vacancies likely occur on the cluster

MosSgHy, y = 0 and 2 after H,S loss on clusters MosSgHy and MosS7Hy, y = 2 and 4.

2.4 Conclusion

DFT B3LYP calculations were used to find several low energy bare Mo3sSy, x=5-9,
nanoclusters. Comparisons of these clusters revealed preferential bonding patterns and it
was seen that cluster energy highly depends on the number of S atoms and their bonding.
The formation of more Sg lowered the cluster energy whereas more St tended to make
the clusters less stable. The S coordination on the Mo atoms also affected the cluster

energy and more stable clusters favored Mo coordination numbers of 4 >3 >2 > 5,

The importance of the different S bonding types continued to reveal itself when several
low energy MosSy, X = 5-9, bare clusters were used as templates for H, and 2H, addition
and produce a wide array of MosSyHy, x=6-8, y=0, 2, 4, nanoclusters. The 16 lowest

energy structures of each cluster are shown and analyzed. Based on relative H,
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adsorption energies it was revealed that several types of H bonding can occur on the
clusters but the binding was dependent on the number of S present. An increase in S on
the Mo3SxH, clusters resulted in three observed patterns. First, more low energy
structures with 2H binding at the St’s were seen. Next, less Mo-H binding was seen as
well as less H, complexes. Finally an increase in 2H on the same St was observed.
Analysis of the five lowest Mo3SxH,, x=6-8, complexes revealed a similar decrease in
Mo-H binding as S number increased. As with Mo3SxH,, Xx=6-8, increases in low energy

structures with St-H binding was also seen with increase in S number.

The formation of H,S on the clusters was analyzed after lengthening of the Mo-St bond
was observed when a H was added to the St. The bond length continued to increase with
an additional St-H bond. This was found to be concurrent with a decrease in H-Sy bond
length which appeared to be decreasing towards equilibrium H,S lengths. The H,S
formation was further analyzed by exploring its relation to that of S/Mo and H/S ratios.
It was seen that an increase in the ratios led to an increase in the formation of H,S. In
addition, the H,S desorption energy of the clusters was inversely related to the ratios. It
was concluded of the clusters studied, the most likely candidate for S vacancy sites was

the cluster MosSgHy, y = 0 and 2.
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Chapter 3

A desulfurization Pathway: Activation and EImination
of Sulfur on a Mo03S; Nanocluster Active Site

3.1 Introduction

Prior to the research presented in this chapter, the focus has largely been placed on
finding optimized structures located within the PES of the MosSxHy (x=6,7, 8 and y = 0,
2, 4) nanoclusters and exploring sulfur vacancy sites with H,S, In an attempt to model
more realistic catalytic conditions, a sulfur-containing organic compound will be used to

further explore the energetics of the nanoclusters.

Methanethiol (CH3SH) is a versatile compound for studying the nanoclusters because it
can be explored in three potentially different ways. First, it can act as a vacancy probe to
reveal active sites within a cluster. Second, it can undergo a desulfurization reaction
where the sulfur is removed with the aid of the cluster. Finally, and under the same
principle as the second point, it can act as a sulfiding agent and add a sulfur to the cluster

when it undergoes desulfurization.

Vacancy sites are first explored and determined for the Mo3SxH, with x=6, 7 and y =0, 2
clusters revealing a preferential CH3SH adsorption on a Mo3zSgH, nanocluster. Next, a
reaction pathway is proposed and examined for the intermediate steps of the

sulfiding/desulfurization reaction
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M03S,Hy + CH3SH = M03sS:1)Hy + CHa. (3-1)

Finally, the energetics of this proposed pathway are compared with the unaided
decomposition of isolated CH3SH to demonstrate that the cluster is in fact a catalyst

which lowers the activation energy of the proposed desulfurization reaction.

3.2 Computational Methods

Geometries were calculated utilizing B3LYP energy calculations with a modified SBKJC
(Stevens-Basch-Krauss-Jasien-Cundari) basis set (W. Stevens, et al. 1992) (Stevens,
Basch and Krauss 1984) (A. D. Becke 1993). In this basis set the most diffuse sp basis
function (0.03276) was removed from the Mo SBKJC basis set as it caused a linear
dependency instability within the clusters calculations (McBride and Head 2009).
Additionally a diffuse sp function of exponent 0.0405 and d polarization function with
exponent 0.65 was added to the sulfur SBKJC basis set. The Pople 31G basis set was
used for H.  Frequency calculations were used to verify that structures were either true
local minimums or transition states. All calculations were performed using the GAMESS
(General Atomic and Molecular Electronic Structure System) computer program
(Schmidt, et al. 1993). Geometries were determined using C1 symmetry which enabled
structures to assume the lowest energy structures without constraints on the symmetry.

All structures were created using a neutral charge on each atom prior to optimization.

To find a transition state (TS) between two optimized structures, reactant (R) and product
(P), first a linear least motion (LLM) path was established between R and P using the
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MacMolPlIt version 7.0 program. (Bode and Gordon 1998) The LLM path was then split
in fractions (generally 100 frames). The large amount of frames allowed for a smooth
variation of coordinates along the linear path to be investigated. Hessian calculations
were run on the coordinates of frames which appeared to be strong candidates for
potential TS’s to see if the structure had any imaginary vibrational frequencies (IVF). If
it was unclear which frames were likely contenders, frames 25, 50, and 75 were used. If
the Hessian calculation gave any IVFs, the normal modes were studied to determine if the
imaginary frequencies aligned with a suspected TS. If so, the coordinates were utilized to
run a saddle point (SP) calculation. If a SP was located, the coordinates of the optimized
SP were used in another Hessian calculation for ensure a true TS had been found. All
TSs were characterized as a stationary point structure with one and only one IVF in the

Hessian output file.

A
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-
R
—
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Figure 3.1 Depiction of the intrinsic reaction coordinate (IRC) pathway connecting reactant (R) to
product (P) through transition state (TS) on a one dimensional potential energy surface.
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Once a TS structure between two minimum structures was located, an intrinsic reaction
coordinate (IRC) analysis was run. (Ishida, Morokuma and Komornicki 1977) An IRC
calculation essentially follows the steepest descent path from the normal mode along the
IVF direction at the TS maximum towards the R and P. IRC analysis was utilized to
confirm that the gradient slope of the PES on either side of the state led to R and P. In
other words, it is used to establish that the reaction R - P passes through the specific TS
as shown in Figure 3.1. Because of the IVF at the TS, no zero point energy corrections

were utilized in any reported energy variations along the IRC path.

3.3 Probing of Vacancy Sites with Methanethiol

To determine which cluster to use throughout the exploration of the reaction pathways,
many clusters were studied for potential active sites. Using several of the lowest energy
structures for MosSxHy where x =6, 7 and y = 0, 2 established in Chapter 2, CH3SH was
added strategically to both previously-determined vacancy sites and several randomly
chosen locations on the clusters. The structures were then optimized to determine if an
adsorption of CH3SH could take place and a local minimum could be located. Several
different structures were obtained which included the addition of CH3SH at sulfur

vacancy sites as well as various other locations on the clusters.

Whether or not a structure contained a valid vacancy site was based on the energetics of
the adsorption of CH3SH. If the adsorption energy was negative, then a vacancy site
exists. The CH3;SH adsorption energy (EagscHasn)) Was calculated by
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Eads(cHasH) = Emossxty-cHasH — EmossxHy — EcHash. (3-2)

The lowest absorption energy structures were then used to determine which clusters best
adsorb CH3SH and are therefore likely to contain the sulfur vacancy sites. In Figure 3.2
the eight lowest energy MosSgHy- CH3SH (y = 0, 2, 4) structures are arranged in order of

increasing Eads(cHasH)-

& g& o«

A -116.1 B -114.1 C -103.7 D -99.2
”
'e:
5_{.
A
E -84.8 F -53.9 G 29.4 H 113.9

Figure 3.2 Low energy MosSgH, (y=0, 2, 4) structures found using methanethiol (CH;SH) as a
vacancy probe. The structures are arranged via their respective adsorption energy of CH3SH,

Eads(cHasH)-

Many structures were found where the sulfur from the CH3SH was seen to weakly
interact with a Mo on the cluster. Because the CH3SH was not bound, these structures
were not utilized in further exploration of the reaction pathway. Mo3S; and Mo3Sg
clusters were also explored but all resulted in either large positive Eagscrasny greater than

200 kJ/mol or a lack of CH3SH bonding on the cluster.
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Structure F reveals a S-C-Sg bond and loses a H to the cluster which appears on an
adjacent Mo. A complexing H; is located on the opposite Mo. This structure, although
interesting, had a high Eagscrashy of 113.9 kJ/mol and was therefore excluded from

further analysis.

Structure E shows the adsorption of CH3SH directly onto the S6-1 structure in Figure 2.2.
Structure D shows that the addition of a complexing H, to Structure E lowers the energy
by 15 kJ/mol. This is a profound observation as to our knowledge there have been no
prior studies which show that the addition of H, to a Mo3S cluster makes the adsorption

of any sulfur-organo-compound more energetically favorable.

Structures A, B, C and G all have H-St and H-Mo bonds, however when the H-Mo bond
occurs at the same Mo as the CH3SH adsorption, as with structures A and B, the energy is
lowered significantly. Structures A is 2 kJ/mol lower in energy than structure B due to a
slight rotation of the H about the Mo-S+ bond of the cluster. Structure A corresponds to
CH3SH added to low energy structure MosSgH structure G in Figure 2.7 which is bare
cluster Mo3Sg with a hydrogen on a 3-coordinated Mo and another hydrogen on an
opposing St. Structure B is closely related to structure F in Figure 2.7 which is
interestingly 3 kJ/mol lower in energy than Structure G. Structure A from Figure 2.7
displayed similar characteristics to F and G, however it was not attempted as this
structure was discovered only after the majority of this research had been completed.
Because structure A in Figure 3.2 was the lowest energy structure it was further utilized

to explore potential sulfiding reactions. In the following we refer to it as “Structure A.”
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Under industrial conditions, Hy is introduced over the MoS; catalyst presumably to create
a sulfur vacancy site by producing H,S. To mimic industrial conditions in our
calculations, H, is first added to a cluster to create a vacancy site and H,S via the

following reactions.

Mo3S; + Hy, 2 Mo3S;H» (3'3)

Mo3S;H, > Mo03Sg + H5S. (3'4)

Once the vacancy site is created, another H, will be added to Mo3Sg and a pathway for
each hydrogen hop is needed to enable the formation of Mo3SgH; structure G in Figure

2.1.

Mo3Sg + Hy, 2 Mo3SgH; (structure G) (3-5)

After adsorption of CH3SH onto MosSgH;, structure G in Figure 2.7 to create the
Mo3SgH,-CH3SH  structure A in Figure 3.2, the following sulfiding reaction will be

examined.

Mo3SgH,-CH3SH (structure A) - MosS;H, + CH, (3-6)

Because MoS; nanoclusters are catalysts, the final reaction should result in the removal

of H; to produce the original reactant, Mo3S; or

Mo3S;H>; = Mo03S7 + Hs (3'7)

which is simply the reverse of (3-4) and does not need to be recalculated.
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3.4 Proposed Pathway for Formation of a Sulfur VVacancy Site

The creation of the vacancy site on the Mo3S; nanocluster studied first begins with the
addition of hydrogen to the lowest energy MosSy structure. Unfortunately, no transition
state could be found connecting a separate H, and Mo3S; bare cluster to the produce
MosS7H, cluster. This may be because no transition state actually exists. Two transitions
states were found for the adsorption of hydrogen onto the Mo3S; cluster to form

dihydrides from the originally complexed structures (Figures 3.3 and 3.4).

25 4
20 +
15 4

10 4

Energy {kJ/mol)

Reaction Coordinate (Arb. Units)

Figure 3.3. Adsorption of H, from complexed structure to dihydride MosS;H, via homolytic
dissociation of the H,. Energy is expressed relative to the lowest energy structure (left).

The first hydrogen adsorption pathway in Figure 3.3 shows homolytic cleavage of the H,
complex adsorbed on a Mo. Figure 3.3 shows the H,, H-H distance of 0.80 A, adsorbing
onto the Mo coordinated by 3 S to form a hydride with a H-H distance of 1.54 A through

a TS (marked with #) where the H-H distance is 1.19 A with an IVF of 744i cm™. The
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transition state and the resulting dihydride cluster after adsorption are 20.1 and 16.6

kJ/mol, respectively, higher in energy relative to the starting H, complex structure.

The second pathway in Figure 3.4 shows the adsorption of the H, onto an St and the Mo
in which the St is coordinated. The complex is the same starting structure as seen in
Figure 3.3 however the addition of the hydrogen to the cluster causes the 3- coordinated
Mo to become 4-coordinated as a S is formed when the Sg comes closer to the Mo. The
H, cleaves heterolytically as one H binds to the St and the other H binds to the now 4-
sulfur coordinated Mo. This adsorption correlates well with previous plane wave DFT
investigations of larger bilayer bulk MoS; in which one hydrogen binds to a 4-
coordinated Mo and another binds to the Mo-edge of the cluster on a bridging sulfur. In
previous studies this was found to be the rate-determining step in the creating of a
vacancy site and the TS energy was 0.97 eV (93.6 kJ/mol) (Paul and Payen 2003). The
TS energy for the heterolytic cleavage of the H, on the Mo3S; nanocluster was
determined to be 130.0 kJ/mol higher than the starting H, complex energy and with an
IVF of 933i cm™. The starting structure is 40.8 kJ/mol lower in energy than the final

adsorbed structure.

65



160

140

120

[
Q
[=]

80

60

Energy (kl/mol]}

40

20

-100 -50 o 50 100 150 200 250 300 350
Reaction Coordinate (Arb. Units)

Figure 3.4. Adsorption of H, from complexed structure to dihydride MosS;H, via heterolytic H,
cleavage. of the H, bond. Energy is expressed relative to the lowest energy structure (left).

Since the hydrogen adsoption likely takes the lowest energy pathway, the homolytic
cleavage pathway was utilized as the first step in the desorption of H,S. However, no
direct transition state structure could be found connecting the dihydride with any H-St
binding. Because this is a necessary step to form H,S, the heterolytic H, pathway was
explored instead. The heterolytic hydrogen adsorption pathway already has a hydrogen
at the St making formation of H,S more facile. The next step was to find a TS in which
the H hopped from the Mo to adjacent Sy. Because the H-St and Mo-H bonds are
parallel to each other, it was difficult to find a transition state structure which facilitates
this hop due to sterichindrance on the Sy.  The pathway for a complete hop required a H
rotation about the Mo-St bond. Likely the Mo-Sy rotation is a free rotation with an

energy difference of only 6.8 kJ/mol from the parallel state to the rotated state.
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Figure 3.5. Comparison of the relative energies of structures after a hydrogen rotation about the
Mo-St bond. Energy is expressed relative to the lowest energy structure (left).

Once the rotation about the Mo-Sy bond occurs, a TS was found where the hydrogen on
the Mo hops to the neighboring St. Figure 3.6 shows the TS energy of this hop is 81.5
kJ/mol relative to the lowest energy state of the rotated hetrolytic complex. The IVF for
this TS is 714i cm™. Both hydrogens are adsorbed onto the St atom is 2.2 kJ/mol higher

in energy then the starting structure.
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Figure 3.6. Intrinsic reaction coordinate diagram of proton hop from Mo to St. Energy is expressed
relative to the lowest energy structure (left).

No TS was found in which the H,S completely desorbs from the cluster. Previous DFT
investions have estimated that the H,S desorption energy is 48 kJ/mol (Paul and Payen
2003) and 76 kJ/mol (Prodhomme, Raybaud and Toulhoat 2011). However both
desorptions took place from a bridging sulfur on the Mo-edge of bilayer bulk MoS,. As
seen in Chapter 2, the addition of hydrogen to the St resulted in a lengthening of the Mo-
St bond and contraction of the H-St bonds as though H,S as formed. Table 3-1 shows

similar bond length changes take place along the pathway shown in Figure 3.6.
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Table 3-1. Mo-S and S-H bond length changes during the addition of H to the S in structures A, B,
and C along the pathway in Figure 3.6. The transition state structure B is marked with #.

A B

Structure Mo-S Bond Lengths (A) | S-H Bond Lengths (A)
Bare Cluster M03S; 2.16 NA
A 2.35 1.390
B (4) 2.54 1.389
C 2.64 1.384 + 0.001
Equilibrium H,S NA 1.369

The hop of a single hydrogen to the St from a bare cluster structure results in the Mo-S
bond length increasing from 2.16 A to 2.35 A in structure A. The TS, structure B, shows
the continuing extension of the bond from 2.35 A to 2.54 A and finally to 2.64 A in
structure C. Concurrent with the Mo-S extension is the S-H contraction in which from
structure A to structure C the S-H bond decreases from 1.390 A to 1.384 + 0.001 A, a
difference of 0.006 A. Although this may appear to be a small change, the difference

between equilibrium H,S and structure A is only 0.021 A. The S-H bond length with the
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addition of the two hydrogens is a significant contraction of nearly 30% towards the

equilibrium length. The desorption of H,S from the cluster via the reaction
MosS7H, (structure C, Figure 3.6) > Mo3Sg (Bare cluster) + H,S (3-8)

is not necessarily energeticaly favorable. As calculated in Chapter 2 the direct H,S

desorption energy for reaction 3-8 is 79 kJ/mol.

Figure 3.7 summarizes the complete set of intermediates found along the pathway for

H,S formation on the M03S7 bare cluster after the addition of H,.
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Figure 3.7. Reaction pathway of the addition of complexed H, via heterolytic cleavage on the MosS;
cluster followed by a St-H rotation about the Mo-S bond (no TS) and H hop to the St to begin
formation of H,S. All transition state structures are marked with +. All energies are relative to the
lowest energy H, complex structure (left).
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Although alternate pathways may exist, the full reaction path can be obtained for both the
adsorption of H, and the formation of H,S. Once the H,S desorbs from the cluster, the

result is bare cluster Mo3Sg with an active vacancy site.

3.5 Hydrogen Hopping

Once a sulfur vacancy site had been created the next step in the CH3SH sulfiding
pathway is obtaining a reasonable pathway to make Structure G in Figure 2.7. First the
adsorption of hydrogen onto bare cluster Mo3Sg had to be found. No transition state was
found of the H, molecule directly absorbing onto the lowest energy MosSg. Instead a TS
was found for the conversion of the H, complex absorbing via homolytic dissociation
onto the vacancy site of the Mo to form a into the dihydride structure shown in Figure

3.8.

100
a0
80
70
60
50
a0

Energy (kJ/mol)

30
20
10

Reaction Coordinate (Arb. Unit)

Figure 3.8. Hydrogen complex to the dihydride structure of Mo3Ses. Energy is relative to the lowest
energy structure (left).
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The hydride formation starts from the H, complex with a H-H distance of 0.78 A. The
TS is 70.5 kJ/mol higher in energy than the complex structure and H-H distance is 1.50 A
before it forms as a dihydride with a H-H distance of 1.88 A and is 57.3 kJ/mol higher in

energy than the complexing structure. The IVF of this TS is 260i cm™.

Many different pathways were investigated in order to obtain the final structure however,
after several attempts only the TS structure where H hops between Mo-St and Mo-Sg
could be found. No Mo-S3 TSs were found. Figure 3.9 shows the first step where one of

the H atoms in the dihydride hops onto the neighboring Sg.
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Figure 3.9. Intrinsic reaction pathway of a single hydrogen hop from Mo-dihydride structure to SB.
Energy is relative to the lowest energy structure (left).

The TS structure for the hop is 63.0 kJ/mol higher relative to the starting dihydride
structure and has an IVF of 391i cm™. The structure with the hydrogen on the Sg is 16.6
kJ/mol higher than the dihydride. This energy increase correlates with Chapter 2 in

which it was seen that a hydrogen on an Sg was higher in energy than when bound to a

Mo or Sr.
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Figure 3.10. Intrinsic reaction pathway of a single hydrogen hop from Sg to Mo. Energy is relative
to the lowest energy structure (right).

Figure 3.10 shows the next step which was expected to decrease energy as the hydrogen
hops from the Sg to another neighboring Mo. The Mo-Sg distance increases from 2.52 to
2.70 A and it appears that the Mo prefers to remain 4-coordinated. The structure with H
on the Sg is 12.6 kJ/mol higher relative to the lower energy product. The TS with an IVF
of 409i cm™ is 52.2 kd/mol higher that the product with an activation barrier of 39.6

kJ/mol.

The final step to form Structure G from Figure 2.7 consists of a H hop from the Mo to the

adjacent Sr.
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Figure 3.11. Intrinsic reaction coordinate pathway of a hydrogen hop from a Mo to a St. Energy is
relative to the lowest energy structure (right).

Figure 3.11 displays an energetically favorable hop pathway which begins with each
hydrogen on two different Mo to produce a structure with H at the St which is 35.4
kJ/mol higher in energy than the starting structure. The TS shows the hydrogen moving
with a IVF of 786i cm™ and becoming partially bonded to the St with an activation

barrier of 84.2 kJ/mol. This is the product Structure A prior to CH3SH adsorption.

The complete set of the hydrogen hops and their energies can be seen when all structures

are compared to the lowest energy structure, the complexing H; structure in Figure 3.12.
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Figure 3.12. Full reaction pathway of the hydrogen hop from the complexed H, structure (left) to the
lowed CHsSH adsorbing structure (right). All transition state structures are marked with # All
energies are relative to the complexed H, structure, structure I.

The entire pathway reveals a maximum activation barrier of 84 kJ/mol on TS D
connecting structures 1V and V. This higher barrier suggests that this is the rate limiting
step in this pathway. Multiple structures on the PES of Mo3SgH; are also displayed. In a
series of just four steps, the MoszSgH, complexing structure can adsorb hydrogen via

heterolytic cleavage. The hydrogen can then hop across the cluster and form the pre-

methiolated Structure A resulting in a full reaction pathway for reaction 3-5.
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3.6 Adsorption of a Methanethiol to Produce Methane

The final step in the proposed reaction pathway is the sulfurization step in which
Mo3SgH>-CH3SH (Structure A) - Mo03S7H, + CHa. (3-9)

A TS for the absorption of CH3SH onto the Mo3SgH, Structure G (Figure 2.7) was not
found. Once absorbed, however, the structure releases CH,4 as a product through one

single TS shown in Figure 3.13.
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Figure 3.13. Intrinsic reaction coordinate pathway of the sulfidation reaction in which Mo;SgH»-
CH3SH = MosS;H, + CH,4. Energy is relative to the lowest energy products (right).

The reactant, structure A, is 76.3 kd/mol higher in energy than the product, MosS;H, +

CHj. The activation barrier of the reaction is 170.7 kJ/mol which was 247.0 kJ/mol

higher than the lowest energy product state. The TS of the reaction has an IVF of 1180
1

cm™. By itself the reaction proves little in terms of energetics of the system. It has

already been seen that the adsorption energy of CH3SH onto a bare Mo3Sg cluster is 31.3
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kJ/mol lower than that of the studied Structure A. However it is not known if the
activation barrier for CH, is lower than if it had occurred on a bare Mo3Sg cluster or how

it compares to the decomposion of CH3SH alone
CH3SH - CH, + S. (3-10)

Therefore in Figure 3.14 we show the TS and IRC pathway also found for CH, loss the

bare M03Sg cluster without the 2 additional H atoms.
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Figure 3.14. Intrinsic reaction pathway of adsorbed methanethiol on a bare cluster Mo5Sg producing
CH, and the low energy bare cluster M03S; through the transition state, .

Figure 3.14 shows a pathway in which the bare cluster reactant is 69.6 kJ/mol higher in
energy than the product (Mo3S; and CH,4). The activation barrier of the reaction is 173.9
kd/mol. The TS has an IVF of 1218i cm™. Comparison of this pathway to that of the
Mo3SgH, reaction pathway in Figure 3.13 shows great similarities with nearly identical

relative energetics unfortunately neither pathway proves the clusters to be catalysts. By
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definition, a catalyst should reduce the activation barrier of a reaction. Therefore, to truly
compare the MosSg nanoclusters, the decomposition of isolated CH3;SH reaction 3-10 was

evaluated.

No single transition state could be found for the CH3SH decomposition reaction. It was
assumed that there may be a series of reactions which lead to the decomposition.
Because the reaction requires a breaking of a C-S bond a S-H bond regardless of how the
reaction takes place, the focus was placed on the energetics of these two bond. If the
dissociation energies could be calculated then the relative activation barrier of the

reaction must be at least this value.

To find the dissociation energy of the C-S bond, the energy of radicals H-S- and -CHj3

were calculated. The C-S dissociation energy E4 c.s would be one such that

CH3SH > H-S- + -CHj3 (3-11)

where

Ed c-s = E-s. + .cH3) — E(cHasH)- (3-12)

This energy was found to be 270.9 kJ/mol and is the minimum activation barrier for the

decomposition of CH3SH. It was compared to that of the sulfiding reactions (Table 3-2))

Next the energetics of the S-H bond were studied via a similar method where

CH3SH > CHsS- + -H (3-13)

and the dissociation energy, Eq sn, was determined by

Ed sH = E(cHss. + -H) - E(cHashy). (3-14)
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The Eq4 sy was found to be 328.2 kJ/mol. The lower dissociation energy of 270.9 ki/mol
was taken as an estimation for the activation barrier for CH, formation from CH3SH. It is
interesting to note, however, that the dissociation of the C-S bond is roughly 57 kJ/mol
lower in energy than that of the S-H bond. This shows that the S-H bond is stronger than

the C-S bond.

Table 3-2. A comparison of the activation energies for CH;SH decomposition with nanoclusters
Mo;SgH, and Mo3;Sg and sole CH3SH.

Reaction Activation Barrier (kJ/mol)
Mo3SgH,-CH3SH > Mo,S; + CH, 170.7
Mo05Sg-CH5SH > Mo,S; + CH, 173.9
CH3SH > CH4 + S >270.9

A comparison of the two cluster reactions reveals that the addition of 2 H atoms to the
cluster does little to lower the activation barrier to CH4 loss lowering it by only 3.2
kJ/mol. Both nanoclusters, however, significantly reduce the CH, loss activation barrier

by over 100 kJ/mol in comparison to isolated CH3SH.

The activation barrier of the nanocluster reactions are higher than any relative transition
state energy found in the Mo3SgH, reaction pathways (84 kJ/mol). In addition, the
adsorption energy of the CH3SH onto the Mo3Se cluster was lowered by over 30 kJ/mol
with the addition of H,. Therefore, it is not unlikely that hydrogen plays a role in the
HDS process by adsorbing to the clusters as it makes the entire process more

energetically favorable.
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3.7 Conclusion

CH3SH was added to several MosSyHy structures (x=6, 7 and y = 0, 2) the lowest
Eadschashy structure, Structure A, was further utilized in TS explorations. To mimic the
HDS process several pathways utilizing this structure were constructed which revealed
much information about the nanocluster system. First, the addition of H, onto a bare
MosS; nanocluster showed that H,S is likely formed as a product, creating a sulfur
vacancy site on Mo3Sg. Then H, was added to the cluster and pathways were found to
make the CH3SH adsorbing structure. Once the CH3SH was adsorbed, a pathway was

found which yielded a sulfided cluster and CH, as a byproduct.

A comparison of the barrier energies of the CH3SH adsorbing structure and the bare
Mos3Sg cluster to that of pure CH3SH showed that the clusters dramatically reduce the
energy required to produce CH,4 by over 100 kJ/mol. This shows that indeed the Mo3S;
nanocluster can be utilized as a catalyst in the HDS process and, with the addition of Hy,

can create a more energetically favorable reaction pathway.
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Chapter 4

Review and Future Work

Concurrent with an increase in demand is the increase of strict regulations of sulfur
content in transport fuels. Optimizing the hydrodesulfurzation (HDS) process is
imperative to oil industries. Molybdenum disulfide (MoS;) has long been used as a
desulfurization catalyst in this process. The size dependent efficacy of MoS, nanoclusters
has only recently been established which shows that small nanoclusters are more
effective in removing sulfur form highly hindered organics such as dibenzothiophene
(DBT). Understanding the fundamental chemistry that takes place on these nanoclusters
during desulfurization would be largely beneficial for the optimization of the HDS

process.

To better understand these nanoclusters we examined a variety of MosSx, X = 5-9,
structures using B3LYP DFT. After finding several low energy clusters, various bonding
patterns were established which heavily depended on the type of S and the coordination
number on Mo by S. Low energy clusters contained higher amounts of bridging sulfurs
(Sg’s) compared to terminal sulfurs (St’s). Clusters were also more stable when they
contained Mo coordinated by 4 >3 > 2 >5S. Once several low energy MosSy, x=6-8,
clusters had been established, they were used as templates to explore the addition of H,

and to determine how it interacts with the clusters.

Many low energy MosSyHy, x=6-8 and y =2, 4, structures were found, proving that the

clusters are highly heterogeneous in nature. Most H was seen bonding with Mo’s, St’s,
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and Sg’s as well as H itself as a complex to the cluster. From the structures several size-
dependent bonding patterns were discerned. First, an increase in cluster size yielded a
decrease in frequency of Mo-H bonds seen in low energy clusters. This was attributed to
the reduction of available binding sites on the cluster as more S-Mo bonds were formed.
This was concurrent with an increase in the number of St-H bonding seen in the low
energy structures particularly 2 H binding to the same St. Next, for all clusters low
energy bonds were found to be St-H and Mo-H. Combinations of these binding types
seen in low energy MosSxH>, X = 6-8, yielded the low energy Mo3SxH,, X=6-8, structures.
This further confirmed that these bonding types were preferentially forming in low

energy structures.

Finally, the formation of H,S on the cluster MosSxHy, x=6-8 and y = 2, 4, appeared to
size-dependent as well. A combination of binding patterns and desorption energies
revealed that it was formed and preferentially lost on clusters with greater S/Mo and H/S
ratios. Consequently the smaller cluster MosSgHy, y=0, 2, shows the highest preference

for H,S and contains an available vacancy site.

Bonding patterns for H, on the clusters MosSx, x= 6-8, have been fairly well-established
in Chapter 2. Under industrial conditions, however, the catalysts are often surrounded
with various organic molecules. In future work, the study of bonding patterns could
continue for the exploration of organic molecules such as methane around the already

established low energy bare clusters.

In Chapter 3 the low energy MozSyHy, x=6-8 and y=0, 2, 4, structures were used to
explore the addition of CH3SH as a S vacancy probing ligand. It was seen that a
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Mo3SgH> structure showed preferential adsorption of CH3SH even when compared with
bare cluster structure Mo3Sg. To make this cluster, a reaction pathway is suggested such
that the low energy MosSy bare cluster undergoes the addition of H, to produce H,S and
Mo3Ss. H, was then added to the cluster and several intermediate steps were found as H
hops across the structure to form the S-vacant MosSgH, structure of interest. CH3SH was
then added to the cluster as a sulfiding agent and a single mechanism was discovered
which results in Mo3S7H, and CH, products. The activation barrier of this reaction was
compared to that of a bare cluster Mo3Sg desulfiding reaction of CH3SH as well as the
decomposition of CH3SH. It was seen that the Mo3SgH, cluster aided in reducing the

activation barrier by over 100 kJ/mol.

The reaction pathway presented in Chapter 3 corresponded to the desulfurization of
CH3SH by the nanocluster catalyst MosSgH,. However, because the CH3SH contains no
C=C bonds, it is impossible to assign which reaction pathway, direct desulfurization
(DDS) or hydrogenation (HYD), was taken. Using the approach presented in Chapter 3,
an analysis of a sulfur-alkene, preferably DBT, would be very useful in determining
which pathway is preferred. Because under industrial conditions many variables alter the
preferred pathway, understanding the exact mechanisms which take place would likely
prove invaluable for the industry. The discovery of the reaction pathway presented in
Chapter 3 in combination with the several low energy cluster structures found in Chapter

2 provide the necessary techniques to aid in understanding how the HDS catalyst works.
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