Stony Brook University

The official electronic file of this thesis or dissertation is maintained by the University
Libraries on behalf of The Graduate School at Stony Brook University.

© All Rights Reserved by Author.



Structure and Reactivity Studies of Size-Selected Transition Metal Sulfide
Nanoclusters in the Gas Phase and Supported on Au(111)

A Dissertation Presented

by

Melissa Jean Patterson

to

The Graduate School

in Partial Fulfillment of the

Requirements

For the Degree of

Doctor of Philosophy

n

Chemistry

Stony Brook University

May 2009



Stony Brook University

The Graduate School

Melissa Jean Patterson

We, the dissertation committee for the above candidate for the Doctor of Philosophy

degree, hereby recommend the acceptance of this dissertation.

Michael G. White, Ph.D., Advisor
Professor, Department of Chemistry
Senior Chemist, Brookhaven National Laboratory

David M. Hanson, Ph.D., Chairperson
Professor, Department of Chemistry

Trevor J. Sears, Ph.D., Third Member
Professor, Department of Chemistry
Senior Chemist, Brookhaven National Laboratory

Jan Hrbek, Ph.D., Outside Member

Senior Chemist, Brookhaven National Laboratory

This dissertation is accepted by the Graduate School

Lawrence Martin
Dean of the Graduate School

i



Abstract of Dissertation

Structure and Reactivity Studies of Size-Selected Transition Metal Sulfide
Nanoclusters in the Gas Phase and Supported on Au(111)

by
Melissa Jean Patterson
Doctor in Philosophy
in
Chemistry
Stony Brook University

2009

The understanding of catalysts used in hydrodesulfurization (sulfur removal
from petrochemical feedstock) is important from an environmental and economic
standpoint as their efficiency directly correlates to atomospheric quality and fuel
costs. Nanoparticles of MoS, supported on Al,O3 are used industrially for these
reactions but the heterogeneity of such catalysts has limited the identification and in
turn understanding of the catalytically active sites. Work presented here focuses on
developing model catalytic systems where the chemical composition can be
controlled in order to gain insight into those properties that are important for these
catalytic processes and therefore can be tailored to increase selectivity.

Initial studies were directed towards generating M;S,” (M=Mo,W) clusters in
the gas phase via magnetron sputtering. Using tandem mass spectrometry and a gas
collision cell we were able to size-select the clusters of interest and react them in the

gas phase with probe molecules such as CO. The resulting cluster adducts provided
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information regarding the number of active metal sites and the geometry of the
cluster. Density functional theory (DFT) calculations were used to search for the
lowest energy structures of the bare M,S," clusters and to obtain their relative
stability for sequential CO binding. The calculated trends in CO binding energies
were then compared to the experimental adduct distributions for assigning the ground
state structures.

A size-selected deposition investigation was also done on the Mo¢Sg cluster
supported on Au(111). Carbonyl sulfide (OCS) undergoes a dissociation reaction on
the MosSs cluster that is substrate mediated as the Au(111) directly participates in the
reaction. The OCS dissociatively adsorbs onto a molybdenum metal site, with the
sulfur atom settling onto the Au surface and a CO molecule desorbing in the gas
phase. This reaction is very unique in that the Au surface has an active role in the
reaction mechanism and also lowers the barrier for OCS dissociation despite reports
that the substrate is chemically inert. DFT calculations were done to observe local
intermediates in order to generate a reaction pathway for the OCS dissociation on the

MogSs/Au(111) system.
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Chapter 1. Introduction

The work presented in this dissertation aims to give insight into the role of
size, structure, and chemical composition of transition metal sulfide nanoparticles as
it pertains to model systems in catalysis. Transition metal sulfides such as MoS; and
WS, have been the topic of much interest because of their ability to form well
organized cage structures on the nanoscale. Like carbon, the S-M-S layered structure
of the metal sulfides has a high propensity for forming folded structures such as
hollow nanotubes, nanoctahedra, and nanonions.® Metal sulfide nanomaterials also
display a wide range of unique catalytic, photovoltaic, and lubricant properties.”” For
example, MS, nanotubes have shown potential as a hydrogen storage media'’
whereas small MoS; nanoplatelets exhibit size-dependent band-gaps and are active
photo-oxidation catalysts.® Small nanoplatelets of MoS, (1-5 nm) are also considered
to be the active species in commercial HDS catalysts'' whereby impurities are
removed from petrochemical feedstock which is an important application as it
directly affects the cost of fuel and has environmental impact as well. Not only have
experimental methods examined metal sulfide nanomaterials, but theoretical studies'*”
! have been used to look at the unique atomic and electronic properties that these
materials possess in this small size regime. Theory proves to be an essential tool
when looking at these small systems in order to give a comprehensive look into its
atomic structure and mechanistic properties in reaction processes. The research
presented herein employs model systems to investigate the structural and chemical
implications small size selected nanoclusters have in catalysis both in the gas phase

and supported on Au(111).



The study of clusters has allowed an opportunity to evaluate the fundamental
properties of nanosized systems as they are being formed atom by atom. Nanoclusters
can be synthesized both chemically and in the gas phase and these methods strive to
produce nanophase materials in a homogenous fashion. Chemical approaches to
nanosized metal particles start with the reduction of positively charged metal atoms.*
Ligand stabilization is often used in cluster generation and a careful addition of ligand
molecules and reducing agents allows for some control in the size of the clusters
produced. Gas phase methods have proved to be a more suitable way to produce

. _ . . . 23,24
clusters with a known stoichiometry, via supersonic nozzle techniques™ ", oven

26-31

sources™, and plasma techniques such as laser ablation and magnetron

sputtering.’**’

In these gas phase methods, mass spectrometry is used to select
different particles or clusters according to mass and interest. In the work described
here, we use a cluster beam apparatus that utilizes magnetron sputtering to form ionic
transition metal sulfide clusters (Chapter 2). Cluster beam lines have been used
previously in order to form a focused beam of cluster ions that can be used to study

. 36,37
size-selected clusters.”™

The unique properties of clusters was first realized with the
observation of magic numbers and seen experimentally in the gas phase via
supersonic expansion among the noble gases, specifically xenon, by Echt et.al.” The
appearance of high intensity peaks in the mass spectrum sparked interest in the
investigation of these particular cluster sizes and the causes for their apparent
stability. Preliminary findings indicated that the magic numbers for rare gases were

governed by close packing criteria and aggregates of full-shell clusters with face

centered cubic or icosahedral structures.”” For simple metal clusters , like alkali



metals, the origin of the magic numbers depends on cluster size.®®  For small
transition metal clusters and cluster alloys (Cuy, Agy, CusPby...), the magic numbers
2,8,20,40..., were attributed to closure of an electronic shell, the same effect that
gives the noble gases their inertness and chemical stability.**

Molybdenum and tungsten sulfide nanoclusters have exhibited magic number
properties as a consequence of their abundance in mass spectra both as anions and

cations.’**

However, while the general features of magic cluster formation discussed
above can provide a qualitative basis for the appearance of these stable geometries,
such considerations would not fully explain the existence of covalently bonded
structures like the MyS¢ (M =Mo,W), whose unique combination of electronic and
atomic structure leads to its stability. Specifically, it has been demonstrated that

along with its highly symmetric structure, the large HOMO-LUMO*#!

gap gives rise
to its abundance in the mass spectra and consequently defines its magic-like nature.
Research done on supported metal particles has given evidence that the unique
behavior of small particles are carried over from the gas phase to single crystal
surfaces. Work done by Poppa et al., showed how the interactions between simple
gases and Pd thin films varied with the change in the physical properties of the
supported metal clusters such as particle size, density, and orientation.** It was found
that the CO desorption energies between the deposited metal clusters and that of the
bulk metal, varied considerably sustaining the idea that the size of the supported

metals greatly altered the properties of the cluster-surface interface. As the atoms at

the surface and the edges have lower coordination than those in the interior, these



atoms are especially active towards adsorbates.”> Hence, small clusters are generally
expected to be more reactive.

Single layer MoS, nanoparticles have been synthesized on Au substrates as
models for hydrotreating catalysts and have been studied by imaging, spectroscopic

techniques and density functional theory.**’

In bulk form, gold is considered an
unreactive metal and the closed packed Au(111) surface has often been used as a non-

interacting substrate for studying the electronic structure and reactivity of supported

48-50 51-53
1 d

meta and metal compoun nanoparticles. However, growth of sulfur rich
nanoplatelets*® and strongly bound clusters on the surface®> has demonstrated that
the substrate may modify the properties at the nanoparticle support interface. Of
particular interest are recent experimental studies of small molybdenum sulfide
nanoclusters formed on the Au(111) surface which are used to explore the atomistic
details of desulfurization reactions that are relevant to the industrial hydrotreating of

. 33,43,45,47,57,58
fossil fuels.”*™""%

MoS, aggregates deposited on Au(l111) were able to
dissociate thiophene upon adsorption at room temperature as given by XPS.*" It was
seen that as the temperature on the Au surface was increased, extra S 2p signal was
observed as a result of atomic sulfur produced by the decomposition of thiophene on
the surface. Further studies done by Besenbacher and co-workers saw the formation
of triangular MoS; nanocrystals on the surface of the Au and has shown that the HDS
activity is associated with coordinatively unsaturated metal edge sites that are seen as

bright metallic, or “brim” states in a STM image. When pre-treated with hydrogen,

DFT showed that the brim states were able to catalyze the hydrogenation of the



carbon double bonds in the presence of thiol groups as well as activate and break the
initial carbon-sulfur bond of the hydrogenated thiophene.

Initial studies presented in this dissertation began with gas phase production
and size selection of these nanoclusters using tandem mass spectrometry to look at
cluster adduct formation with CO molecules (Chapter 3). This provided information
about the relative stability of the clusters as well as structural information. Structure
is vital in understanding local electronic environment and available sites for
reactivity. DFT calculations were used to search for the lowest energy structures of
the bare metal clusters and to obtain their relative stability for sequential CO binding.
The calculated trends in CO binding energies were then compared to the experimental
adduct distributions in order to assign ground state structures. In this way, it was
possible to distinguish between nearly isoenergetic isomers for some of the clusters as
the most stable/probable structure would give a CO stabilization energy trend
consistent with experimental observations.

In light of the previous studies done on supported sulfide nanoparticles on
Au(111) ¥5%%%6 \we have chosen this substrate for the size-selected deposition of
Mo,Sy nanoclusters (Chapter 4). This gave the advantage of knowing the exact
species being deposited on the surface generating a homogeneous system to study
using surface science techniques such as UPS, AES, and TPD. Chemical and thermal
properties of an array of Mo,Sy clusters deposited on Au(111) were then investigated.

Finally, the Mo¢Ss cluster was chosen for a more thorough study on the
Au(111) with regards to characterization and reactivity with OCS (Chapter 5). As the

metal sulfide particles become very small, i.e., molecular clusters, other structural



motifs have been observed that are nonstoichiometric. These include the MoeSg
moiety that contains an octahedral Mog metallic core that is the building block of the
Chevrel phase of MoS,, e.g., the superconducting AMoeSg compounds (A = main
group, transition, or lanthanide metal).””*® Crystalline Chevrel phases and amorphous
ternary molybdenum sulfides have been found to be active catalysts for methanethiol
synthesis and hydrodesulfurization.61 The interaction of OCS on the MoSg supported
on Au(l111) was studied using thermal desorption. Deposition on Au(l11) was
supported by recent DFT calculations indicating that the MosSs should bind
structurally sound on the Au substrate with a binding energy of -1.69¢V.”>*° DFT
proved to be an important tool in our studies as well, providing insight to the reaction
pathway for the dissociation of the molecule on the surface. This system provides a
model for a simple desulfurization reaction which can be studied accurately both
experimentally and theoretically. The use of single crystal surfaces to study processes
of adsorption, desorption, and simple reaction mechanisms has proven to be a useful

way to study important properties of supported nanosystems.*



Chapter 2. Experimental Methods

2.1 Cluster Beam Apparatus

All of the experiments in this dissertation were run on a cluster beam
apparatus that was constructed at the Chemistry department at Brookhaven National
Laboratory. A schematic of the apparatus can be seen in Figure 2.1. There are five
separate sections: 1) magnetron sputtering source, 2) quadrupole ion guide, 3)
quadrupole mass selector, 4) hexapole ion guide equipped with a gas collision cell,
and 5) a UHV chamber. The arrangement of the apparatus serves two purposes. The
first is to form a focused cluster beam of ions and the second is for differential
pumping. The clusters are born in the cluster source at very high pressures and the
chambers allow for differential pumping so that the UHV chamber can maintain a
pressure < 1 x 10™ torr. The following chapter will serve as a summary of each of
these sections.

2.1.1. Magnetron Sputtering Source

In this work we use a commercially made magnetron sputtering source
(Oxford Applied Research NC200U) to generate metal cluster compounds in the gas
phase. The source is based off a design developed by Haberland®*** in the early
1990’s. A detailed view of the magnetron sputtering source can be seen in Figure 2.2.
In order to begin the formation of the plasma a sputtering gas, in this case Ar, is
introduced into the housing of the magnetron. A bias voltage is then applied through
water cooling lines to the back of the target while the magnetron cover is held at
ground. A glow discharge is arced as a result of the voltage bias (~200V) at the

interface of the metal target. The Ar atoms are ionized to Ar" within the plasma and



are confined to the face of the target as a result of the magnets. The Ar' ions are then
subsequently accelerated towards target and begin to sputter metal particles. In all of
the work presented herein, we use a reactive gas mixture of 4% H,S in Ar in order to
form sulfided metal nanoclusters. The sputtered metal particles that are formed are
very energetic and so high pressure He is used in the condensation region (see Figure
2.1) in order to cool the particles through collisions, promoting clustering of the metal
particles.”
2.1.2 Quadrupole lon Guide and Mass Spectrometer

The quadrupole ion guide acts as an added differential pumping region as well
as an extraction region for the newly formed cation clusters. Here we use an RF
quadrupole ion guide to transport the ions into the next chamber that houses the mass
spectrometer. This technique has been used widely in ion studies done in and a
detailed description of method in which the ion guide transports ionic species is
presented in work done by Gerlich.”’ In short, the ion guide works as a two-
dimensional ion trap where ions can be confined by a RF field (600 kHz) that is
applied to the rods at opposite phases. RF voltages in this way are applied in equal
but opposite potentials to the two sets of rods.® A bias voltage or dc “float” potential
is normally applied during operation between ~150V-250V to give a centerline
potential within the ion guide. This value is optimized during operation to maximize
regions of the mass spectrum that are of interest. Once extracted from the ion guide
the resulting mass distribution can be analyzed in a commercial mass spectrometer

that has been purchased from Extrel, CMS.



The quadrupole mass spectrometer acts similarly to that of the ion guide
except that along with and RF field, a DC field is also applied to the rods. Basic
operation involves varying the RF amplitude while fixing the ratio between the DC
and RF voltages.®” The mass spectrometer is very efficient in transmitting ions and
we are able to acquire unit resolution with our current system.

2.1.3 Hexapole lon Guide and Collision Cell

A hexapole ion guide with a built in collision cell is used to extract mass
selected clusters from the mass spectrometer and allow them to react in the gas phase
with different reactive molecules. Tandem mass spectrometry of gas phase ion
molecule reactions such as collision induced dissociation and titration of metal sites

26,68-71

have been used previously to study gas phase reaction chemistry. Typically

higher order ion guides are used for these types of studies therefore a hexapole was

2,73
selected.”’

In our work, we use the collision cell primarily for titration of available
metal sites using simple adsorption molecules such as CO and NHj. Ionic products
generated in the hexapole are then focused through a series of electrostatic lenses and
detected with another mass spectrometer. Just as the previously described ion guide,

we run at frequencies on the order of 600Hz with dc “float” potentials between ~15-

30V.

2.2. UHV Chamber

Along with doing tandem mass spectroscopy of gas phase reactions of the
resulting clusters generated in our magnetron source, we have the ability size select
and deposit clusters of interest onto single crystal substrates. The following section

will serve as a description for the active components for the deposition process in our



machine. The UHV chamber has several surface science instruments that allows for
characterization and reactivity of the deposited clusters. The upper and lower levels
of the UHV chamber as shown schematically in Figure 2.3.
2.2.1 Quadrupole Bender

The magnetron cluster source produces both ionic and neutral clusters. When
depositing, it is key that the cluster of interest is the only species on the surface.
Since we are unable to detect neutral species in the mass spectrometer, a quadrupole
bender has been attached to the final hexapole ion guide before deposition. This
allows for the deflection of cationic species onto the substrate, while neutral species
are unaffected and pass through the bender. The quadrupole bender is made up of
four cylindrical rod electrode sectors whose voltages are controlled by external power
supplies. Entrance and exit lenses are used to create fringe fields that will enhance
the throughput of the quadrupole deflector.” The addition of the electrode apertures
converges the cluster beam within the deflector in order to focus the ions towards the
exit lens increasing throughput. The potential of each sector of the quadrupole bender
is optimized for maximum ion current.
2.2.2 Single Crystal Substrate: Au(111)

We use Au(111) as the single crystal substrate for deposition studies done in
this work. Au(111) was selected as a substrate because its structure has been widely

studied in literature and is believed to be chemically inert.*”*"

The crystal is
10mm in diameter and is electropolished on one side. A groove of 0.5mm is

machined along the edge so that the crystal can be wrapped in tantalum wires and

mounted. Figure 2.4 shows a schematic view of the Au(111) crystal mounted on a
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UHYV feedthrough (CeramTec). The tantalum wire that surrounds the crystal is spot
welded to 1.0mm tantalum posts that are fitted onto copper blocks. This thermal
contact is essential for resistively heating the crystal via a DC power supply
(KEPCO) and cooling via a liquid N, bath. Temperature is monitored using a
Eurotherm temperature controller which acquires information from a K-type
thermocouple that is in direct contact with the back of the crystal. The crystal can be
cooled to ~92K and heated to ~850K.

In order to remove surface contaminants on the crystal prior to deposition, a
series of sputtering and annealing cycles are done. An ion gun (Model-20-045,
Physical Electronics) is used to sputter the crystal with Ar’ ions. The chamber is
backfilled with ~5.5x107 torr of ultra high purity Ar (Matheson Tri-gas). The sputter
gun is aligned to the face of the crystal and is manipulated to maximize the ion
current measured using a picoammeter (Keithley). The ion gun is run at 0.5-1.0keV
which gives ion currents between 2-4pA. After a sputtering cycle lasting 30 minutes,
annealing the crystal is necessary to repair the surface. This is typically done for
approximately 10 minutes at a temperature of ~800K. This is repeated three times to
ensure all impurities are removed.

2.2.3  Auger Electron Spectroscopy

Auger Electron Spectroscopy is used as a spectroscopic technique to identify
chemical species on a surface through core-level electron transitions. It has high
sensitivity for chemical analysis in regions between 5-20A on the surface.”® Auger
analysis is performed in UHV and utilizes an electron beam with enough energy

(~1.5-5kV) to excite and eject an electron from a core-hole shell such as a K-shell
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(see Figure 2.5). The resulting ionized atom that remains is highly excited and will
relax back to a lower energy state by x-ray fluorescence (photon emission) or Auger
emission (ejection of an electron from a higher energy state). In the Auger process
the core hole is created and then occupied by an electron from a higher energy state
and the energy from this transition allows for an Auger electron to be emitted
simultaneously. The nature of the Auger transition is described by the energy level of
the initial core hole and the resulting final two holes (Figure 2.5 depicts a KLL
transition). The kinetic energy of the Auger electron can be detected using a
hemispherical electron analyzer and is unique to a specific element, therefore
allowing for information of all chemical species present on the surface.

In the experiments herein Auger electrons are produced using an electron gun
(EQ 22/35, SPECS) at an operating voltage of 5.0kV with a beam current of ~10-
50nA. The electrons are observed using a 100mm hemispherical analyzer (Phoibos
100, SPECS). The single crystal substrate is positioned normal to the analyzer with
incident electrons striking the surface at 45° and data acquisition software provided
by SPECS is used to monitor resulting electron energies.
2.2.4 Ultraviolet Photoelectron Spectroscopy

Ultraviolet Photoelectron Spectroscopy is another sensitive technique that can
probes the BE of electrons emitted from the valence shell of a surface species. It is
performed using a He gas discharge source that produces photons of Hel radiation
(21.22eV). In our studies we use a He capillary discharge lamp (Model 628,
McPherson), that is operated under a continuous flow of He gas in the cathode region

which is water cooled. The discharge achieved by applying a high voltage (Model
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730, McPherson) to the anode. A capillary tube guides the resulting radiation to the
face of the sample. The sample is positioned normal to the hemispherical analyzer
while the striking radiation is at 45° from the crystal face. Maximization of signal is
achieved by manipulating the position of the crystal versus the lamp.
2.2.5 Temperature Programmed Desorption

Temperature programmed desorption is an important surface science
technique that is used to acquire information about adsorption/desorption processes of
molecules bound to a surface. In principle, information regarding heat of adsorption
(reversible and non-dissociative processes), molecular coverage information,
energetics and kinetics can be obtained. TPD’s in our laboratory are performed under
UHYV conditions where molecular species are adsorbed onto a single crystal substrate
and heated in a linear fashion while a mass spectrometer detects the products
evolving from the surface as a function of temperature. The peak shapes give
information regarding the desorption kinetics while the peak temperature gives
information about binding energies of the adsorbed species. For simple molecular
adsorption and desorption of CO molecules, a first order desorption rate can be
assumed.

The main application of TPD is the measurement of the kinetics of different
surface processes and a Redhead analysis allows desorption energies and kinetics to
be estimated. This analysis begins by assuming the desorption rate is described by a

rate law of first order given by the following expression:

I.des — d® —
N a O e
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where rg4e5 1s the desorption rate, ® is the coverage and N is then number of surface

sites. The rate constant k can then be described using an Arrhenius equation:

AE des

k=v eexp| — _T 22)

where AEg4es is the desorption energy, v is the pre-exponential factor, R is the
universal gas constant, and T is the peak temperature. When combining both

expressions the rate law is defined and referred to as the Polanyi-Wigner equation:

I, d® AE,
S =———=vO e exp| ——=>
N dt PUTRT -3

The Redhead analysis assumes that the experimental set up is such that the

temperature, T, varies linearly with time, t:
T - TO + Bt (2.4)

where Ty is the initial temperature and 3 is the heating rate. Combining equations 2.3
and 2.4 allows us to get an expression that varies with temperature, which is what we

are monitoring in our desorption experiments:

I, d® vO AE .,
S - = @ exp — LS
BN dT B RT (2.3)

Therefore, at low temperature Eq4es > RT little desorption occurs and at high
temperature exp(-E4e/RT) rapidly rises and the number of molecules desorbing peak
at a certain temperature. Then at very high temperature all molecules desorb and the

desorption approaches zero. This leads to the characteristic peak in a TPD spectrum.
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The Redhead equation can then be rearranged to relate Eq4es to the peak of the

desorption curve Ty, and this equation can be used to obtain desorption energies:

— RTmaX In Vermax —n AE des

AE s B RTmax (26)

where R is the universal gas constant, Ty 1S the temperature as measured from the
peak maximum, v is the frequency or pre-exponential factor, and f is the heating rate
in K/s (in our experiments we use a heating rate of 2 K/s for all desorption studies).
An estimation of desorption energy can be obtained from the above equation by
making ideal assumptions for a few of the values. The pre-exponential factor, v, can
be assumed to be 10"*s™ and the last expression in equation 2.6 may be estimated to
be 3.64.

TPD spectra are acquired by first manipulating the substrate towards a
directed doser for adsorption of a particular molecule. On occasion backfilling the
chamber with a reactive gas can also be used to adsorb molecules of interest. In our
system, it is necessary to cryogenically cool the single crystal prior to exposure to the
reactive molecule if not, the molecules of interest would not be able to adsorb on the
surface. Once the desired coverage is reached the crystal is then translated to the
entrance of the mass spectrometer (Hiden Analytical). Multiple ion detection studies
can be performed, that allows one to monitor several chemical species desorbing from

the surface. A schematic of the TPD set up is shown in Figure 2.6.
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Figure 2.2: Detailed view of magnetron sputtering source.
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Figure 2.3: Schematic picture of the two levels of the UHV chamber, a) lower and b)
upper.
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Figure 2.4: A schematic view of the Au(l111) crystal mounted onto a UHV
feedthrough is shown. The temperature is measured with a K-type thermocouple in
direct contact with the back of the gold. The crystal is resistively heated by the
tantalum wires and cooled with liquid nitrogen (92K — 850K). A detailed view of the
Au(111) crystal mounting and thermocouple position is shown in the insert.
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Figure 2.5: Schematic diagram of Auger electron emission.
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Figure 2.6: Diagram of the TPD set-up. The mass spectrometer that detects products
from the surface is cooled by liquid N, through a shroud that encases it. Typical
ionizer emission is 0.3mA, with an electron beam energy of 70eV. Multiplier values
are on the order of 2100V.
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Chapter 3. Structure of Molybdenum and Tungsten Sulfide
M,S," Clusters: Experiment and DFT Calculations

This section was published in J. Phys. Chem. A, 112, 12011-12021, 2008.

3.1. Introduction

The observation of small cluster units in the condensed phase has given rise to

12-2084 4 isolated metal

a number of experimental’™**’*® and theoretical studies
sulfide clusters as a function of size and metal-to-sulfur ratio. In the case of
molybdenum and tungsten sulfide, gas-phase cluster techniques using laser ablation
and sputtering sources have been used to generate M,S, clusters as neutral,”

1849 and cation®® species with a wide range of stoichiometries. Experimental

anion
investigations are primarily limited to probes of reactivity and electronic structure,
whereas the atomic structure of the clusters is derived mainly from theoretical
calculations using DFT. A few clusters have been observed as “magic” due to their
large abundance in anion and cation cluster mass spectra and large HOMO-LUMO
gaps as determined by anion photodetachment spectroscopy. One such species is the

18,21,4 .
82140 and cation

M4S¢ cluster (M = Mo, W) which is prominent in both anion
cluster’ mass distributions with measured HOMO-LUMO gaps of ~2 eV for the
neutral cluster.** DFT calculations for the Mo4Ss cluster confirm its large HOMO-
LUMO gap and predict a highly symmetric structure consisting of a Moy tetrahedral
core with the six sulfur atoms bridge bonded along the Mo-Mo edges.'®*'%*" The
free MoeSsg cluster with the “Chevrel” structure is also predicted to be a highly stable

“magic” cluster with a relatively large HOMO-LUMO gap of 0.8-0.9 ¢V.2*%

Murugan, et al, used DFT to show that that the structurally-related MoeS),
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stoichiometric cluster has a similar HOMO-LUMO gap (0.7 eV) as well as large
magnetic moment (4ug)."”” A general conclusion of these DFT studies is that the
small, gas-phase M\S, (M = Mo and W) clusters energetically favor three
dimensional structures with metal-metal bonding cores. These structures can be
contrasted to the platelet structures of larger, near-stoichiometric M,S, nanoclusters
which exhibit the same S-Mo-S layered structure of bulk MS,. Nanoplatelets with
sizes down to Mo;(S24 have been recently observed in STM studies of self-assembled
clusters on the surfaces of Au(111) and graphite.**

In the work reported in this chapter, we use the interaction of CO with mass-
selected cluster beams to explore the structure of M,Sy" (M = Mo, W) cation clusters.
As demonstrated in a previous study of the MySs" (M = Mo, W) magic cluster, a
probe molecule such as CO or NH; preferentially binds to the exposed metal sites on
the cluster. For these gas pick-up experiments, a beam of mass-selected M4Ss" cluster
cations is passed through a high-pressure collision cell containing the probe molecule
(CO or NHj3) diluted in a He buffer gas. Mass analysis of the resulting cluster adducts,
e.g., MxS, (CO),, provides information on the number and relative stability of the M-
CO binding sites. In the case of M4S6+(CO)H, the product mass spectra showed that
the cluster binds up to four (n = 4) probe molecules with only a small amount of n =5
adduct observable. DFT calculations of the total CO adsorption energies for the
lowest energy M;S¢ structure were consistent with the binding of only four CO
molecules, beyond which the M-CO binding energy decreased dramatically. This
combination of experiment and theoretical analysis provided further evidence for the

highly symmetric structure of the MySs" cluster.

23



As a follow up to this earlier work on the M4Se" cluster, a combined
experimental and computational study is presented of the structure and CO-adduct
stability for the M,Se", M5S;", MsS; ", and MeSs™ clusters (M = Mo, W) which are the
most prominent mass peaks in the M,S," cation cluster distributions. In general, we
find that the CO pick-up data is very sensitive to the individual metal-CO binding
energies and can be used to distinguish between geometrical isomers that are
predicted by DFT to have similar total energies. For the small, sulfur-rich M,Ss" and
M3S;" clusters, the experimentally favored geometries involve M-S-M bridge bonds
and terminal sulfur bonds. The sub-stoichiometric MsS;" and MgSs  clusters are
predicted to have metallic cores consistent with trends found in earlier DFT studies.
In addition to probing the relative isomer stabilities, the DFT calculations also
illustrate the effects of multiple CO binding, which can induce structural changes
and/or break bonds within the cluster framework as more CO molecules are added.
The latter may have implications for using such clusters deposited on supports as

catalysts for heterogeneous reactions under high pressure (high coverage) conditions.

3.2 Experimental

The experimental work was performed on a cluster beam apparatus -,

described in Chapter 2, Section 2.1. The M,S," clusters are formed by reactive
sputtering of a metal target (Mo or W) with a mixture of 4% H,S in Ar gas in a region
containing high-pressure He gas (aggregation gas). Both the sputtering and
aggregation gases are introduced into the source using variable leak valves with
typical backing pressures of 7.6 Torr (4% H,S/Ar) and 22 Torr (He) for Mo-sulfide,

and 7.9 Torr (4% H,S/Ar) and 24 Torr (He) for W-sulfide. The magnetron was
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operated at a power of 185 watts. The length of the high-pressure He region between
the metal target and first exit aperture (cluster condensation region) for Mo-sulfide
was 0.75 inches and 1.25 inches for W-sulfide.  The cluster ions leaving the source
enter a quadrupole ion guide which transmits them to a quadrupole mass filter. A
single cluster mass is then selected by its mass-to-charge ratio and then focused into a
hexapole ion-guide which also houses a collision cell for the reaction of the cluster
with different probe molecules. Mass spectra presented in this work were taken with
the hexapole ion guide kept at ground potential, so that the relative ion-molecule
collision energies mirrored the kinetic energy distribution of the incoming M,S, " ions
(£2 eV in the lab frame). Gases of interest, in this case CO, are introduced into the
collision cell using a variable leak valve with the pressure measured by a capacitance
manometer (MKS). The CO sample was introduced as a mixture of 25% CO in He
gas. The He gas collisionally cools the cluster adducts following the addition of CO
molecules. Typical collision cell pressures for these experiments were in the range of
10-15 mTorr. The products were mass analyzed by a second quadrupole mass
spectrometer and detected by a channeltron electron multiplier. All experiments were
performed at room temperature.
3.2.1 Computational Details

The theoretical calculations were performed on the M,Sy" clusters using all
electron DFT with the DMol® code. A double numerical basis set with p- and d-
polarization functions, comparable in accuracy to a Gaussian 6-31G** basis set, was
used with a real-space cut-off of 4.9 A. The generalized-gradient corrected

approximation (GGA), with the Becke exchange plus Lee-Yang-Parr correlation
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(BLYP) functional was used. The FINE quality standard was chosen for tolerances of
energy, gradient, displacement, and self-consistent field convergence criteria of 1x10
> au, 2x107 auw/A, 5x107 A, and 1x10° au, respectively. The calculations were
performed with spin state unrestricted. All of the cation isomers have a doublet state
(s = 1/2) as their final spin configuration with the exception of Isomer I (Csy
symmetry) of the M3S;" cluster which is a quartet (s = 3/2). In the case of the highly
symmetric M¢Ss' cluster (On), where degenerate orbitals can give also rise to higher
spin states, the low spin configuration (s = 1/2) is calculated to be the lowest energy.
Therefore, all the clusters have a magnetic moment of 1 pg with the exception of the
M3S;" cluster (Isomer I) which is 3 pp. Relativistic effects were included in the
calculations for the heavier tungsten atoms in the W, S," clusters.®

Density functional calculations were also used to examine the bonding of CO
with the M,S," clusters. The total adsorption energy was defined relative to the
energies of the bare cluster and the number of free CO molecules, i.e.,

Eads(n)= Ecluster+nco) — [Ectuster + NEco] (3.1)
where n is the number of CO molecules bound to the cluster, E(ciusternco) 1s the energy
of the CO cluster adduct, Ejyser i the energy of the free cluster cation and Eco is the
energy of the free CO molecule. We also define the relative binding energy of a CO
molecule to a cluster adduct as the change in total adsorption energies between
adducts with one more adsorbate attached, i.e.,

AE,45(n) = Eags(n) — Eqags(n-1) (3.2)
Note that AE,q5(n) represents only an apparent CO binding energy as sequential CO

addition can lead to structural changes that can significantly alter the stability of the
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cluster adduct. Hence, it is somewhat oversimplified to attribute the total energy
difference between the n and n — 1 adducts to the CO binding energy alone.

In general, the total energy for binding nxCO molecules depends on the
specific metal locations of each of the CO molecules on the cluster, and only the
lowest energy arrangements for sequential CO addition are presented in this work.
For example, we searched for the lowest energy position of the first bound CO
molecule to the M,S," cluster ion, then searched for the lowest energy configuration
among the remaining x-1 metal sites for the second CO molecule, and so on, until all
the metal sites are occupied. This approach is justified based on the experimental
evidence that multiple collisions with He gas are required to stabilize the internally
“hot” adduct that results from CO addition. Simultaneous additions of CO are
unlikely due to the large amount of internal energy (1-2 eV) that would be needed to
be dissipated to prevent the CO molecules from simply boiling off the “hot™ cluster
adduct. Nonetheless, when the relative energies of different CO binding arrangements
are small (< 0.1 eV), multiple adduct structures may be possible. Although many of
these were explored in this work, we limit the discussion to only those that represent
the minimum energy path for sequential CO addition.

Structural isomers examined in this work were based on those obtained in

previous studies of metal sulfide clusters. A combination of theoretical '**° as well

41,87 59,60 88-91

as experimental studies in the gas phase™ ', solid state’”", and solution phase
provided preliminary structures with similar stoichiometry or M,S, fragments
observed in our experiment. Structures with no imaginary frequencies were

considered valid, and those that had total energies within ~2eV of the lowest energy
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structure were chosen for further calculations of CO binding. Optimized structures
and total energies were generated for sequential nCO binding and the energy trends
compared with the experimental CO adduct product distributions. Structural
assignments were based primarily on the correct prediction of the CO “‘saturation”
limit, i.e., the point where the apparent CO binding energy for nCO molecules
becomes positive or decreases appreciably relative to that of (n-1)CO (see equation
2). Except in the case of MosSs', the lowest energy isomers of the M,S, " clusters also

yielded the best agreement with experimental trends in CO binding.

3.3 Results and Discussion

Figure 3.1 shows the mass spectra of the M,S,” (M= Mo, W) clusters produced
by reactive sputtering. The mass spectra show “islands” of M,S," clusters each
having the same number of metal atoms but different number of sulfur atoms. The
most prominent mass peaks within each cluster island are considered to be the most
stable and can be assigned to M,S," clusters with an x/y stoichiometry of 2/6, 3/7,
4/6, 5/7, and 6/8. The MySs" cluster is observed as the most prominent mass peak
over a wide range of source conditions and is considered a “magic number” cluster of
unusual stability. In a previous study of the M4Ss magic cluster, we showed that gas-
phase pick-up experiments using probe molecules such as CO and NHj3 could be used
to provide information on the number of exposed metal sites and the overall structure
of the cluster.”® Similar experiments using CO as the probe molecule are presented
here for the other prominent MxSy+ clusters (M = Mo, W; x/y = 2/6, 3/7, 5/7, 6/8).
The basic idea is that the observed mass distribution of the M,S, (CO), cluster

adducts is sensitive to the detailed structure of the cluster and its stability as CO
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molecules are added. More specifically, the adduct distributions can help identify the
ground state structure of the cluster from among the lowest energy isomers obtained
by DFT geometry optimization. This is accomplished by comparing the observed
adduct distribution with the calculated trends in total adsorption energies (E,gs(n) in
equation 1) for the different structural isomers.
The products observed from collisions of the cluster ions with CO correspond
to simple cluster adducts in which CO adds molecularly, i.e.,
M,S," + nCO — M,S, (CO), (3.3)
Typically, the pressure of the He/CO gas inside of the collision cell was increased
until the relative product yields were found to be approximately constant. Under these
conditions, the most intense product masses are expected to correspond to the most
thermodynamically stable CO adducts, with variations in reaction rates accounting for
local minima or maxima in the adduct distributions. These assumptions are supported
by previous ion beam studies of CO association reactions with metal cation clusters,
where the most stable adducts (slowest reaction rates) are those that remain at higher
CO/He pressures, especially the “saturated” adduct which has the most CO molecules

. . . 2
possible for a given cluster ion.”"’

As seen below, most of the CO adduct product
distributions observed in this work exhibit a distinct cut-off corresponding to the CO
saturated cluster. It is the prediction of this CO saturation limit that is used to
distinguish between structural isomers generated by DFT geometry optimizations.

As is common in transition metal complexes, the most stable orientation for

CO binding to the Mo atom sites of these clusters is through the carbon atom. In this

configuration, CO bonding involves charge transfer to the partially empty d-orbitals

29



of the metal atoms through the CO 5c orbital and back-donation of charge from the
metal to the unoccupied CO 2n orbital in order to relieve some of the built up
negative charge.” Previous DFT studies on larger molybdenum sulfide clusters, e.g.,
Mo;6S3,, show a binding energy of -0.95 eV for CO on molybdenum which is
typical of the binding energies reported here.
3.3.1 M,Ss" Cluster

The adducts formed by collisions between CO and the smallest prominent
cluster, MsS¢", are shown in Figure 3.2. For both Mo and W, adducts with one
(n=1) and two (n=2) CO molecules are observed, although the bare cluster is the
primary product at all pressures studied in this work. The latter suggests weak metal-
CO binding and/or dissociation of the adducts before they can be detected by the
downstream mass spectrometer. A low sticking probability could be the result of the
small size of the cluster (fewer internal degrees of freedom) which makes it difficult
to dissipate the energy of adsorption even with multiple collisions with the He
background gas. In the case of M0,Ss', very small product peaks are also observed
for 3 <n <7, whereas the product distribution for W,S¢" falls off more rapidly above
n=2.

The two lowest energy structures calculated by DFT for Mo,Ss" are shown in
Figure 3.3. Isomer I consists of four bridging sulfur atoms in between the Mo-Mo
bond. The other two sulfur atoms are terminally bound to a single Mo atom. The
Mo-Mo bond length is 2.82 A which is comparable to interatomic distances and bond

20,88

lengths of other Mo-Mo metal systems of the same stoichiometry. The structure

has a near C, symmetry and is predicted to be only 28.0 meV higher in energy than
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the lowest energy structure, isomer II, also shown in Figure 3.3. Isomer II has near C
symmetry with two bridging sulfur atoms connecting the two Mo atoms and four
terminal sulfur atoms, two on each Mo atom. The isomer II structure was also found
to be the lowest energy structure for the anion (Mo0,S¢") in the condensed and gas

phases.l&88

From the DFT calculations of Gemming, et.al., isomer II of Mo,S¢ is
expected to be the most stable among smaller Mo,S, clusters consistent with its large
HOMO-LUMO gap (2.5eV). These authors noted that the high stability of the isomer
I structure of Mo,Ss could represent a structural motif for larger Mo,S, clusters or
the bulk phase MoSs."* DFT calculations by He et. al. have found the same lowest
energy structure for the V,S¢ cluster.®’

Alongside each of the calculated structures for M0,S¢" (I and II) in Figure 3.3
are plots of the calculated total adsorption energy for the sequential addition of CO.
Despite being nearly isoenergetic, the two isomers exhibit very different CO
adsorption behavior. Specifically, isomer I shows a nearly linear change in E,4s from
n=1 to n=3, suggesting that adducts with three (or even more) CO molecules
should be observable in pick-up experiments. This prediction disagrees with the
observed Mo,Ss (CO), product distribution (Figure 3.2) which shows almost no n = 3
adduct. By comparison, the calculated CO adsorption energies for isomer II plateau at
n=2. A similar trend is found for the calculated n=1 and n=2 CO adsorption
energies of isomer II of W,Ss". For both metals, the calculated trend in CO binding
energies for isomer Il (see Table 3.1) suggests that the primary product is the n=1

adduct, in agreement with the experimental product distributions (see Figure 3.2). The

fact that the experimental n =2 product yield is smaller, especially in the case of
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W,Ss", indicates a small but non-zero binding energy for the second CO molecule. It
is likely that the appearance of the n = 2 adduct depends sensitively on the second CO
binding energy relative to the internal energy of the cluster; weakly bound CO
molecules could be “desorbed” from the cluster before detection. The low probability
for the n =2 means that larger adducts (n > 3) coming from sequential addition are
very unlikely, consistent with the observed product distributions. Based on these
comparisons, the structure of the M>Ss”™ (M = Mo, W) cluster is assigned to isomer I1.
It is interesting to note that for isomer II of M0,Ss", the calculated CO binding energy
for n = 2 is nearly zero, but dramatically increases again for n =3 (see Table 3.1). By
contrast, the CO binding energy for the n =3 adduct of W,S¢" (isomer II) is even
smaller than n=2. The difference in CO adsorption behavior can be more readily
understood by viewing the optimized structures for the n=2 and n=3 adducts in
Figure 3.4. It is seen that the adding a third CO to Mo,S¢ (CO), causes one of the
Mo-S-Mo bridge bonds to break. This opening of the cluster framework is clearly
energetically favored, but this species is likely to be a short lived intermediate that
undergoes further decomposition into smaller fragments. Any cation fragments
resulting from dissociation would have masses well outside the range used to detect
the cluster-CO adducts. By comparison, the W,Ss (CO); cluster remains intact, but
the binding energy for the third CO molecule (see Table 3.1) is too small for the n =3
adduct to be observed. As will be seen below, distortion or fragmentation of the
cluster framework when the number of CO molecules exceeds the number of metal
atoms is a general feature of these small MS, " clusters.

3.3.2 MsS;" Cluster
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The product mass spectra resulting from collisions between the M3S;" cluster
with CO are shown in Figure 3.5. For both Mo and W, the most intense mass peaks
correspond to CO adducts with n<3, with the most probable product
being M387+(CO)2. These observations are consistent with a cluster structure in which
all three metal atoms are exposed and can bind CO, but with an overall stabilization
energy that is a maximum for only two CO molecules (n = 2). Figure 3.6 shows the
three lowest energy structures for the M3S;  clusters found by DFT geometry
optimizations. Isomer I consists of a triangular metal core with two bridging sulfur
atoms along each edge (total of 6). The seventh sulfur atom is face capped on one
side of the metal triangle and the cluster has an overall symmetry of Cs, (3-fold axis
perpendicular to plane of page in (Figure 3.6). Isomer I is thought to be the basic
building block of a large number of compounds in the condensed phase such as
[NH4]2[M03813]89’91 and the center of a trinuclear cluster complex with outer
dithiolate ligands that has been identified as a novel molecular conductor.” Isomer II
is structurally similar to I, but contains two face capping sulfur atoms, and has a
lower symmetry (C;). The lowest energy structure, isomer III, has C; symmetry with
each metal atom bonded to one terminal sulfur atom, two bridging sulfur atoms, and
one face capping sulfur atom. Note that isomer I and II contain a triangular M3 metal
core whereas isomer III is predicted to have only one relatively long metal-metal
bond (2.93A).

The structures for the cluster adducts, M3$7(C0)n+, were geometry optimized
and the total adsorption energies, E.4(n) were calculated for each of the three

isomers. The computed trends in adsorption energies are shown in Figure 3.6. For
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isomer I, the total adsorption energy, E,4s(n), steadily increases to n = 6, after which it
reaches a plateau. The calculated adduct structures for n>6 (not shown) exhibit
significant structural distortions which we attribute to steric effects associated with
multiple CO binding to the metal atoms. The calculated adsorption energies for
sequential CO addition to isomer II show similar behavior (Figure 3.6). For both
isomers I and II, the calculated total adsorption energies predict that the n = 6 adduct
should be observable, in clear disagreement with the experimental product mass
spectra (Figure 3.5).

The calculated adsorption energies for isomer III show very different behavior
for sequential CO binding (Figure 3.6). The calculated total adsorption energies for
both Mo and W are seen to reach a plateau between n= 4 and n =5, with the n=6
adducts predicted to be even less stable. These trends are more easily seen from the
apparent CO binding energies, AE,4(n), shown in Table 3.2. For the MosS; (CO),
adducts, the apparent CO binding energies decrease by ~0.25 eV per added CO until
n =5 for which the binding energy is predicted to be essentially zero. The sequential
CO binding energies for W3S7+(CO)n exhibit a somewhat different behavior, with a
large drop in apparent binding energy between the first (n = 1) and second (n = 2) CO
addition, whereas the second (n = 2) and third (n = 3) additions have nearly the same
binding energy. Beyond n = 3, the apparent CO binding energies for the W adducts
steadily decrease and eventually becomes positive for n = 6.

Based on the calculated trends in consecutive CO binding energies, we would
expect to observe the n =4 adducts for isomer III for both the Mo and W clusters. In

fact, the n = 4 adduct is observed as a small peak in the M03S; (CO), mass spectrum,
p p
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but not in the product mass spectrum for the W cluster (see Figure 3.5). As
previously found for the M,Ss (CO); adducts, the probability of observing the n =4
adduct depends on the cluster’s stability with respect fragmentation when the metal
atoms bind more to than one CO molecule. The optimized structures for the n =3
and n =4 CO adducts are shown in Figure 3.7. For both Mo and W, addition of the
fourth CO causes a M-S-M bridge bond to break. Based on the mass spectra in
Figure 3.5, it would appear that the n=4 adduct survives on the time scale of
detection for the Mo cluster but not for the W cluster. According to the DFT
optimization results (not shown), when a fifth CO molecule is added to the
W3S;°(CO)4 adduct it undergoes in fragmentation into a WS3(CO) and W,S, (CO)4
species. Although the latter behavior may be an isolated case, the DFT calculations
support the idea that the smaller clusters become structurally unstable when the
number of bonded CO molecules exceeds the number of metal atoms, even though
the total CO adsorption energy may continue to increase.

Overall, the predicted trends in CO adsorption energies and adduct stability
for isomer III are more consistent with the observed product mass spectra than that
for isomers I and II for both the Mo and W clusters. Therefore, we assign the
structure of the M3S;" cluster to that of isomer III (Figure 3.6).

3.3.3 MsS;" Cluster

The product distributions for the MsS;" clusters interacting with CO are shown in
Figure 3.8. For both Mo and W, the observed products correspond to MsS; (CO),
adducts up to n = 6, with no higher mass products detected. The n =15 adduct is the

most probable for both the Mo and W clusters, although the n = 6 adduct peak for the
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Mo cluster has nearly the same intensity. Although these clusters have only five
metal atoms, the high probability for n =6 suggests that they behave differently
towards CO binding than the smaller clusters discussed above.

Figure 3.9 shows the two lowest energy isomer structures for the MsS;"
cluster. Two other higher energy structures were also considered (Erejative = 1 €V), but
are not presented since their predicted CO adsorption energy trends were also
inconsistent with the observed CO adduct product yields. The higher energy structure,
isomer I, consists of a trigonal bipyramidal arrangement of the five metal atoms with
an overall cluster symmetry of C,, (C, axis perpendicular to page in Figure 3.9). This
structure maximizes the number of bridge bonded sulfur atoms and results in three
sets of inequivalent metal atom sites, i.e., at the poles of the bipyramid, and two
distinguishable sites in the equatorial plane. The lowest energy structure, isomer II,
has as its core the tetrahedral MosS¢ cluster whose compact cage structure has been
shown to be especially stable as both an anion® and cation.*® The fifth Mo atom is
attached at the base of the tetrahedron via three sulfur bridge bonds and is capped by
a triply bonded sulfur atom. Having no direct metal bonds, the fifth metal atom is
more akin to the metal sites in the smaller MS¢™ and M3S;" cluster. Isomer II has
near Cs symmetry with the reflection plane bisecting the cluster perpendicular to the
page (see Figure 3.9).

Also shown in Figure 3.9 are the calculated total adsorption energy plots for
the sequential binding of CO to MosS;". For isomer I, the calculated total adsorption
energy exhibits almost a linear increase up to n = 5, where it abruptly levels off with a

relative CO binding energy close to zero (AE,4s(5) = -0.03 eV). This calculated trend
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in CO adsorption energies would predict that the M05S7+(CO)n product mass
spectrum would terminate at n = 4, whereas the experiments show that both n =5 and
n = 6 adducts are prominent products. Note that in adding a sixth CO molecule, the
total adsorption energy increases sharply by ~2 eV. This adsorption behavior is
reminiscent of the increase in adsorption energy between the n =2 and n = 3 adducts
of M0,Ss'(CO),, which undergoes internal bond breaking with the addition of the
third CO molecule (see Figures 3.3 and 3.4). Indeed, the DFT calculations predict that
the addition of a sixth CO molecule to isomer I leads Mo-Mo bond breaking in the
triangular metal core (not shown). Despite the high CO adsorption energy or ultimate
fate with respect to dissociation, the probability for forming the n=6 adduct of
isomer I is small due to the low total adsorption energy of the n = 5 adduct which acts
as its precursor in sequential addition. The predicted absence of the n =5 adducts
disagrees with the observed product mass spectrum (Figure 3.8), hence, isomer I is
unlikely to be the correct structure of the MosS, " cluster.

The total CO adsorption energies for isomer II of the M;sS;" cluster exhibit an
almost linear gain with sequential CO addition up to n=25, beyond which the
adsorption energy begins to level off at n =8 (see Figure 3.9; Table 3.3). The latter
would predict adduct formation beyond what is observed experimentally (n > 6), but a
more complete picture of adduct stability comes from consideration of the adduct
structures. Figure 10 shows the calculated structures of the n =35 to n =7 adducts for
isomer II of both Mo and W. It is clearly seen that the M;5S-" core of the n = 6 adduct
is significantly distorted from that of the bare cluster (see Figure 3.9) with two CO

molecules bound to one of the equatorial metal atoms. The ability to accommodate
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two CO molecules on one metal site is attributed to the metallic nature of the four
metal atoms forming the inner tetrahedron. As seen in Figure 3.10, the seventh CO
molecule preferentially binds to the metal atom that is separated from the My
tetrahedral core by three sulfur bridge bonds. Binding of CO at this metal site,
however, leads to breaking two of the sulfur bridge bonds, with the MoS(CO),
fragment tethered to the larger Mo,4S¢' (CO)s core of the cluster through the remaining
bridge bonded sulfur atom. The observation of the internally fractured n =7 cluster
adduct will depend on its stability against further fragmentation on the time scale of
our detection measurements. In this case, the dissociation of the n = 7 adduct into two
smaller fragments may be energetically driven by the high stability of the “magic
cluster” fragment, Mo4Ss (CO),.*° Dissociation would lead to cation species whose
mass would fall outside the range of the intact cluster adducts in Figure 3.8 and were
not detected. Hence, the calculated CO adsorption energetics for isomer II favor
adduct formation for n=1-6, but larger adducts may be subject to cluster
fragmentation and dissociation. This overall picture for isomer II for both Mo and W
is consistent with the observed product mass spectra that sharply terminate at the
n = 6 adduct. Hence, we tentatively assign the structure of the MsS;" cluster cation to
that of isomer II.
3.3.4 MeSg" Cluster

The product mass spectra resulting from interactions between the MgSg” (Mo
and W) clusters and CO are shown in Figure 11. In the case of Mo, the n = 6 adduct is
clearly the most favored product with only very small peaks at higher mass

corresponding to CO adducts with n=7-9. The CO adduct distribution for the W
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cluster also shows a maximum at n = 6, however, the mass peaks corresponding to the
bare cluster ion and the n=1 CO adduct are of comparable intensity. A very small
peak corresponding to the n =7 adduct is also observed. The fact that the product
mass spectra for both Mo and W exhibit a high probability for the n= 6 adduct is
consistent with the qualitative expectation of one CO molecule bound on each of the
six metal atoms of the M¢Ss" cluster.

Figure 3.12 shows the calculated lowest energy structures for the MogSg"
cluster (the WeSs' cluster is structurally similar) as well as the calculated total
adsorption energies for sequential CO addition to both the Mo and W clusters. The
highly symmetric structure of isomer I has been previously identified as the building
block of the well known Chevrel phase of molybdenum sulfide in AxMo¢Sg or

ABMo¢Sg solid state compour1ds.61’95

The metal atoms of isomer I are arranged to
form an inner octahedron with the sulfur atoms symmetrically placed in the triangular
faces (near Oy, symmetry).

Because the MogSg moiety is known to have the “Chevrel” structure of
isomer I in solid state and solution phase chemistry, it was expected that the
calculated CO adsorption energies of isomer I would follow the experimentally
observed CO adduct product distributions. In fact, the calculated total CO adsorption
energies for Mo and W (see Figure 3.12) suggest that adducts with more than six CO
molecules should be observable, whereas the experimental mass spectra show that
adducts with n > 6 have very low probability. The theoretical result is perhaps not too

surprising, as the MsS;" cluster with a similar metal internal framework was also

predicted to bind more than one CO per metal atom. Nonetheless, the calculations for
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isomer I show a significant decrease in the binding energy for placing two CO
molecules onto a single metal site. Specifically, the decrease in apparent CO binding
energy between the n=6 and n=7 adducts is 40% for Mo and 53% for W (see
Table 3.4). The latter can be qualitatively understood by inspecting the optimized
structures for the n=6, 7 and 8 adducts shown in Figure 3.13. Relative to the n=6
adduct, it is seen that the addition of a second CO molecule to a single metal atom site
introduces strain into the cluster framework as well as reorientation of the nearby CO
molecules to minimize repulsive interactions. As a result, the gain in energy resulting
from binding additional CO molecules is offset by the strain and CO crowding
introduced into the adduct structure. The balance between these two effects will
determine the overall stability of the adduct, and the current calculations for isomer I
yield the correct trends for the relative adduct stabilities, but appear to overestimate
the CO binding energies of the larger adducts (n > 6).

In searching for other low energy isomers of MSg', a geometry optimization
was performed in which the beginning structure was that of a bulk MS; reduced to the
proper stoichiometry. The resulting structure, isomer II (Figure 3.12), has a
calculated total energy that is lower than isomer I for the Mo cluster (-0.22 eV) and
higher than isomer I for the W cluster (+0.25 eV). The prediction of different lowest
energy structures for the Mo and W clusters is unique among the small clusters
studied in this work. The structure of isomer II is similar to isomer I except that two
of the face centered sulfur atoms have moved to form a Mo-S-Mo bridge bond on one

edge of the base of metal octahedron and a Mo-S dangling bond with one of the metal
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atoms at the apex of the metal octahedron. These structural changes lower the
symmetry of the cluster to Cs, but the metal atoms retain an octahedral configuration.
From Figure 3.12 and Table 3.4, it is seen that the trends in calculated total
CO adsorption energies for isomer II are very similar to that for isomer I for both Mo
and W. Moreover, the calculated CO binding energies for the n = 7 and n = 8 adducts
are essentially identical for both isomer I and isomer II (see Table 3.4). The latter can
be explained by inspection of the optimized CO adduct structures as illustrated for the
n = 1-4 adducts of the MosSs " cluster in Figure 3.14. For n = 1-3, the CO adducts of
isomers I and II retain their distinct structures. For n =4, however, the geometry
optimization procedure results in isomer II rearranging to form an n =4 adduct of
isomer I. It is also seen that the n=4 adduct resulting from rearrangement of
isomer II has one of the CO molecules in a different position from the calculated
lowest energy structure for the n =4 adduct of isomer I. As shown in Table 3.4, this
difference in CO binding arrangement leads to somewhat different sequential CO
binding energies for the n =5 and n = 6 adducts. The differences in total energies for
the adducts of isomer 1 and isomer II with n>4, however, are relatively small
(£0.02eV) and so these different CO addition pathways are probably
indistinguishable under experimental conditions. Beyond n = 6, where all the metal
atom sites are occupied by one CO molecule, the cluster adducts formed by either
isomeric pathway are structurally identical and so are the n=7 and n=38 total
adsorption energies. The calculated structures and CO adsorption trends for the

WSs' cluster are essentially the same as the MoeSs " cluster discussed above.
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Due to the similarities in the total energy of the CO adducts and the predicted
isomer interconversion for adducts with n > 4, the experimental product distributions
cannot provide unambiguous evidence for isomer I or II as being the preferred
structure for the free MgSg' cation cluster. Previous DFT studies have reported the
existence of both isomers with binding energies only ~0.1eV apart, with the Chevrel
structure (isomer I) still being the most stable.”’ The present DFT calculation,
therefore, gives a reasonable prediction of the relative isomer energies for the free
MgSs cation clusters. It is also possible that both isomer I and II coexist under the
conditions of our cluster source or readily interconvert depending on the internal
energy of the clusters and that adduct product distributions are an average of the two
isomers in the gas phase. As shown above, however, isomer I is preferred in the
presence of strongly interacting adsorbates like CO. This is consistent with the
Chevrel structure being the most stable in other chemically bonded environments,

e.g., deposited on surfaces™° and in solid phases.”®

3.4 Summary and Conclusions

In this work, we have used a combination of experiment and DFT to study the
CO adsorption properties of several small metal sulfide clusters, M,S," (M = Mo, W;
x/y =2/6,3/7, 5/7, 6/8) as a way to probe the cluster’s electronic and atomic structure.
Specifically, the mass distribution of M,S, (CO), adducts formed by collisions
between the cluster cation and CO molecules is found to be very sensitive to cluster
structure and provides a way to distinguish between low energy isomers predicted by
theory. For the two smallest clusters, M,S¢" and M3S;", the structural isomers differ

by less than 0.1 eV, yet only the lowest energy structure yielded consecutive CO
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adsorption energies that were consistent with the experimental data. The predicted
ground state structures for the M,Ss" and M;S;" clusters involve M-S-M bridge bonds
as well as terminal sulfur atoms on each metal atom.

Similar comparisons of predicted CO adsorption behavior with experimental
CO adduct product distributions also provide evidence for assigning the ground state
structures of the MsS;" and MSs ' clusters. The latter contain metallic cores with most
of the sulfur atoms bonded along the edges or in the faces of the metal core structure.
The metallic core structure of substoichiometric clusters like MsS;" and M¢Sg" has
been attributed to partially filled d-orbitals on the metal atoms as well maximizing the
number of sulfur binding sites at edges and faces. The latter maximize electronic
interactions between the Mo-S atoms via d-s-p orbital hybridization."*’

Experimentally, the most probable M,S, (CO), adducts observed are those
with n <x, i.e., a maximum of one CO molecule per metal site. As a general feature,
the DFT calculations show that adding more than one CO molecule to a metal site
causes considerable distortion of the cluster. In fact, the MSs" and M3S; (M = Mo,
W) clusters are predicted to internally fragment when n > x, which may explain the
absence of such adducts in the experimental product distributions despite having a
lower total energy than the n=x adduct. Similarly, the n = 6 and 7 adducts of
Ms;S;" are predicted to be more stable than the n=x =5 adduct, but only the n=6
adduct is observed experimentally. The DFT calculations provide a possible
explanation by showing that the n =7 adduct undergoes internal bond breaking
whereas the n = 6 framework is stable, albeit highly distorted. For the M¢Sg" cluster,

the calculations predict that the two lowest energy isomers can bind to more than six
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CO molecules without fragmentation, although the apparent binding energy drops
significantly for adducts with n> 6. The ability to bind additional CO molecules is
likely a reflection of the metallic nature of the Mg core of the MSs' cluster.
Interestingly, the DFT calculations also show that the addition of four CO molecules
to the MgSs ' cluster can lead to isomerization of the lower symmetry isomer to the
more symmetric “Chevrel” isomer.

Finally, we note that the calculated adsorption energies for the first CO
molecule onto the sty+ cluster cations with x = 2, 3 and 5 are very similar, with a
value of ~1 eV for the Mo clusters and ~1.5 eV for the W clusters. Essentially the
same adsorption energies were obtained in our earlier study of CO addition to the
Mo4Se" and WS “magic” clusters (M = Mo, W).3  The MgSs" “Chevrel” clusters
studied here show somewhat higher CO binding energies for both Mo (1.3 eV) and W
(1.8 eV). These values can be compared with previous studies of CO bonding which
have focused on larger 2-dimensional clusters (platelets) whose structure mimics bulk
MoS,.”** Binding of CO only occurs at the edges of the platelets which can be either
Mo or S terminated. These 2D clusters are used as models for the active catalytic
species in hydrotreating catalysts, which are composed of small nanoplatelets of near-
stoichiometric MoS;. In their study of Mo,sSx (x = 48, 60, 84), Zeng, et. al, obtained
a first CO binding energy of 1.2 eV at 4-coordinated and ~0.5 eV for 6-coordinated
Mo edge sites’®. For the near stoichiometric MoisSx (x = 29, 34, 38) clusters, the
same group calculated a range of 1.1-1.3 eV for the first CO binding energies at 4-
coordinated Mo edge sites (depending on exact geometry of metal site).”* Near

additivity of adsorption energy is also observed for multiple CO additions on the
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large clusters, similar to what is predicted for the smaller MosSe", MosS;", and
MoeSs clusters in this work. Despite the large variation in structure, the first CO
bonding energies are remarkably similar between these larger bulk-like clusters and
the small clusters studied here, even though the Mo4Ss", MosS;", and MogSs ' have
metallic cores that are absent in bulk MoS,. These results suggest that the metal-CO
interaction is highly localized with the detailed structure of the surrounding cluster
playing only a minor role. Since CO is known to bind to the same metal sites that are
also active for catalysis, it is likely that that even the smaller clusters 3D clusters are
active for promoting surface reactions. In particular, the high CO adsorption energies
and high number of active sites (6) per unit volume make the MogSs~ “Chevrel”
cluster an interesting candidate as a supported nanocatalyst. Indeed, recent DFT
calculations by Seifert, et al, have explored the binding of the MoeSg clusters on a
Au(111) surface and have shown it to strongly bind to the Au surface with only minor

55,56
structural changes™".
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Figure 3.1: Mass spectra of M,S," cluster ions (M = Mo, W) produced in a
magnetron sputtering source.  Small peaks between the consecutive sulfur atom
peaks in the WS, mass spectrum are a result of a small oxygen contamination.
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Figure 3.3: Optimized geometrical structures for the lowest energy isomers of the
M,S¢" cluster (M = Mo, W). Figures adjacent to each isomer show the total
adsorption of CO molecules to the M,Ss" clusters as determined by DFT calculations.
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Figure 3.4: Geometry-optimized structures of the n = 2 and n = 3 CO adducts of
isomer IT of the M,S¢" (M = Mo, W) clusters as determined from DFT calculations.
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Figure 3.5: Mass spectra of products formed from the collisions of the M3S;" ( M =
Mo, W) cluster with a 25% CO in He gas mixture.
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Figure 3.6: Optimized structures for the three lowest energy isomers of the M3S;" (M
= Mo, W) clusters. Figures adjacent to each isomer show the total adsorption
energies for sequential adsorption of CO molecules to the Ms;S;  clusters as
determined by DFT calculations.
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Figure 3.7: Geometry-optimized structure of the n = 3 and n = 4 CO adducts of
isomer III of the M3S;" (M = Mo, W) clusters as determined by DFT calculations.
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Figure 3.8: Mass spectra of products formed from collisions of the MsS;" (M = Mo,
W) cluster with a 25% CO in He gas mixture.
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Figure 3.9: Optimized structures for the two lowest energy isomers of the MsS;"
clusters (M = Mo, W). Figures adjacent to each isomer show the total adsorption
energies for sequential adsorption of CO molecules to the MsS; clusters as

determined by DFT calculations.
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Figure 3.10: Geometry-optimized structures of the n = 5-7 CO adducts of isomer II
of the MsS;" (M = Mo, W) clusters as determined by DFT calculations.
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Figure 3.11: Mass spectra of products formed from collisions of MSg" cluster with a
25% CO in He gas mixture.
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Figure 3.12: Optimized structures of the two lowest energy isomers of the MSg" (M
= Mo, W) clusters. Figures adjacent to each isomer show the total adsorption
energies for sequential adsorption of CO molecules to the MgSs  clusters as
determined by DFT calculations.
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Figure 3.13: Geometry-optimized structures for the n = 6-8 CO adducts of isomer |
of the MeSg™ (M = Mo, W) clusters as determined from DFT calculations.
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Isomer | Isomer I

Figure 3.14: Comparison of the geometry optimized structures for CO adducts (n =
1-4) of isomers I and II of the MoeSs" cluster as determined from DFT calculations.
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n AE, 4(n) M0,S4(CO),* AE, 4(n) W,S¢(CO),*
1 -0.96 -1.38

2 +0.042 -0.11

3 -0.79 0.00

Table 3.1: Calculated binding energies, AE,q45(n), for the consecutive addition of NCO
molecules to isomer II of the M,Ss" cluster (M = Mo, W). All energies are given in

eV.
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n AE,q(n) M038; (CO),* AE,qs(n) W38 (CO),*
1 -0.99 -1.48

2 -0.72 -0.75

3 -0.46 -0.70

4 -0.19 -0.43

5 +0.006 -0.15%*

6 +0.28 +.026

Table 3.2: Calculated binding energies, AE,q45(n), for the consecutive addition of NCO
molecules to isomer III of the M;S;" cluster (M = Mo, W). All energies are given in
eV. ** Denotes breakage in the adduct cluster.
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n AE, 4(n) MosS; (CO),* AE, 4(n) WS, (CO),*
1 -1.02 -1.48
2 -0.95 -1.43
3 -0.92 -1.12
4 -0.88 -1.35
5 -0.78 -1.26
6 -0.52 -0.63
7 -0.56 -0.94
8 -0.18 -0.26

Table 3.3: Calculated binding energies, AE,4(n), for the consecutive addition of NnCO
molecules to isomer II of the MsS;" cluster (M = Mo, W). All energies are given in
eV.
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AE 4s(n) MogS (CO),* AE 4(n) W¢Sg (CO),*
1 Isomer I Isomer II Isomer I Isomer II
1 -1.32 -1.10 -1.78 -1.60
2 -1.14 -1.12 -1.55 -1.64
3 -1.06 -0.96 -1.57 -1.40
4 -1.04 -0.95 -1.45 141
5 -1.03 -0.86 -1.50 -1.26
6 -1.00 -1.38 -1.52 2.24
7 -0.60 -0.60 -0.72 -0.73
8 -0.60 -0.60 -0.54 -0.54

Table 3.4: Calculated binding energies, AE,q5(n), for the consecutive addition of NCO
molecules to the MgSg" cluster (M = Mo, W). All energies are given in eV.
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Chapter 4. Size-Selected Deposition of Mo,S," on Au(111)

4.1 Introduction

It is widely known that in its bulk form, molybdenum sulfide is an important
catalyst for a wide range of heterogeneous reactions such as HDS, HYD, and
HDN.'""7%% Typically, these catalysts consist of small MoS, nanoparticles dispersed
on y-Al,O3; with a Co or Ni metal promoter. Generally in these catalysts it has been
accepted that the active sites for reactivity are the metal sites (Mo, Co, or Ni) that lie
along the edges of the particles.'"”” However, due to the inhomogeneity of industrial
catalyst, information such as role of particle size, composition, and structure are
difficult to determine. Because of this, it is desirable to prepare model catalysts under
UHV conditions where surface science techniques can be used to probe such
properties. Preparation of catalytically active materials on single crystal substrates
allows for well defined systems to study characterization and reactivity through
depositon of nanoclusters or casting of thin metal films.***">"1%

Besenbacher and coworkers used STM to study the structure of MoS;
nanoclusters deposited on a Au(111) surface.*****"'%" The nanoclusters were found
to be single layer S-Mo-S islands that have triangular shapes and possess metallic
states that appear in STM as a bright rim along the edge of the nanocluster.'™ As the
size of the nanoclusters decrease (#Mo atoms < 15), the S/Mo ratio decreases and the
structure of the edge terminations is observed to change with an increasing tendency

for the formation of S-vacancies. As a general feature, the size variations in the metal

sulfide nanoclusters are associated with changes in morphology and electronic
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structure that are highly dependent on the optimum metal-to-sulfur ratio for a given
cluster size.

In this chapter, results will be presented on the size selected deposition of
MOXSyJr (x/y: 3/7, 4/6, 5/7, 6/8, 7/10, 8/12) clusters supported on Au(111). Full
characterization of one cluster in particular, Mo¢Sg supported on Au(111), will also be
presented in detail. The MogSg cluster is widely known as the building block for the
Chevrel phase of MoS,.® Crystalline Chevrel phases and amorphous ternary
molybdenum sulfides have been found to be active catalysts for methanethiol
synthesis from methanol and H,S as well as for HDS.®' The most stable structure for
the MoeSs cluster has been calculated via DFT in our laboratory (see chapter 3).>>°
The cluster consists of an octahedral core of Mo atoms with eight face capping sulfur
atoms and a point group assignment of Oy,. This particular configuration leaves all six
of the Mo atoms exposed for binding molecules such as CO which was demonstrated
in gas phase collision studies in our laboratory.”> The Au(111) surface was used as a
support in this work and the MogSs/Au(111) system has been studied previously using
DFT by Popov et.al.>>*® The authors showed that the MoeSg cluster remains intact
when bonded onto the Au(111) surface and assumes a square bridge orientation with
a binding energy of -1.69¢V. In our laboratory, we have calculated the supported
cluster and the lowest energy configuration is also the square bridge position with a
binding energy of -1.79eV, which is comparable to the value reported by Popov et. al.

In this work the MoyS," clusters were deposited via size-selected deposition
using a magnetron sputtering source described in Chapter 2. A variety of Mo,Sy"

cation clusters are generated and mass selected by a quadrupole mass spectrometer
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before soft landing on the Au(111) surface all under UHV conditions. Here we use
cluster deposition because of its advantage of producing a monodisperse distribution
of clusters while also being able to control cluster coverage. Conventional surface
science techniques such as AES, UPS, and TPD can be used on the as-deposited
clusters. TPD and Auger electron spectroscopy show that clusters behave as
independent entities up to coverages of ~0.15 ML, beyond which the clusters seem to
aggregate on the surface. Temperature programmed desorption spectra of “CO
exhibit near first-order coverage dependence with a peak temperatures between ~240-
293K for the different clusters. Annealing of the as-deposited clusters resulted in a
significant decrease in the CO adsorption intensity and for all except Mo;S;, a low
temperature contribution appears once the surface is perturbed at ~240K. This CO
desorption peak is attributed to the formation of amorphous Mo,S, moieties formed
on the surface as the clusters are annealed. Further annealing showed a significant
decrease in the CO desorption signal reinforcing the loss of active metal sites and
agglomeration of the clusters on the Au substrate. The Mo¢Ss cluster exhibits the
most prominent °CO desorption spectra, indicating its stability on the surface. As a
result, the MoeSg was used for further investigations with regards to cluster coverage

and stability on the Au surface.

4.2 Experimental

The experiments in this chapter were performed using a cluster deposition

apparatus that has been described in detail elsewhere®*

and brief descriptions of the
components can be viewed in Chapter 2. Briefly, Mo,S, " clusters were produced by a

magnetron sputtering source using a molybdenum target and a sputtering gas of 4%
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H,S in Ar. Both the sputtering and aggregation gases are introduced into the source
using variable leak valves with typical backing pressures of 12.0 Torr (4% H,S/Ar)
and 30 Torr (He). The magnetron was operated at a power of ~217 watts. The length
of the high-pressure He region between the metal target and first exit aperture (cluster
condensation region) for Mo-sulfide was 2.0 inches. The Mo,S,  cluster ions
produced by the source were then guided through a region of differential pumping
using a quadrupole ion guide and followed by a quadrupole mass spectrometer which
selects a specific cluster mass by its mass-to-charge ratio. The resulting mass-
selected cluster beam was guided into the lower level of a UHV chamber using a
hexapole ion guide. To prevent the deposition of neutral species, the mass-selected
ions are deflected by a 90° quadrupole bender which is mounted at the exit of the
hexapole ion guide. A Faraday cup, mounted on a linear drive, is used to monitor the
cluster ion intensity.

The Au (111) single crystal (10mm x 2mm) was mounted on two tantalum
posts (1.0 mm diameter) that were suspended from an XYZ manipulator via a UHV
feedthrough. The posts can be resistively heated and are in thermal contact with a
liquid nitrogen bath. A type-K thermocouple wire was attached to the back side of the
crystal in order to monitor the temperature. The Au (111) surface was cleaned by
repeated cycles of Ar' sputtering for 30 minutes at room temperature (two cycles at 1
keV, 4uA and one cycle at 0.5 keV, 1.75 pA) followed by annealing at 800K for 10
minutes.

The kinetic energy distribution of the Mo,S,  clusters were measured by

applying a voltage ramp to the Faraday cup while monitoring the ion current of the
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L1922 The resulting spectrum was differentiated and fit to a near Gaussian

cluster.
distribution with an average kinetic energy of ~1.3-2.2 eV and a full width at half-
maximum of ~2.4-3.3eV. These energy distributions correspond to “soft landing” as

103194 The final lens element prior

the average kinetic energy per atom is <0.1-0.2 eV.
to deposition on the crystal is held at ground potential so that there is no change in the
kinetic energy distribution from when the clusters are formed in the magnetron
source. The distance between the quadrupole bender and the crystal was ~1.5-2mm.
The deposition occurs in an ultra-high vacuum (UHV) chamber with typical pressures
of ~ 1x10” torr and was done at room temperature with typical ion currents are ~0.75-
2.0x10” amps.

A computer program (LabView) was used to control the cluster coverage via
measurements of the ion current on the sample. The cluster coverage was determined
by multiplying the total number of ions deposited (0.44 -4.4x10" jons) by the
estimated area per cluster and dividing by the experimentally determined deposition
area. The cluster area was estimated assuming a circular cross section using the
centroid radius (~3 A) derived from the DFT calculated structure for the isolated
cluster (neutral).” The deposition area was obtained from Auger “line scans” where
the intensity of the sulfur (152 eV) Auger peak originating from the deposited clusters
was measured as a function of distance from the center of the crystal. The size of the
Auger electron beam under our operating conditions (<0.2 mm) is significantly
smaller than the measured deposition area, thereby allowing reasonably precise

measurements. The distribution is somewhat wider in the plane of the 90° beam

deflection as a result of velocity dispersion in the electrostatic field of the quadrupole
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bender. The deposition area containing 95% of the clusters could be approximated by
an ellipse with an area of 23 mm®. Using these quantities, the cluster coverage
probed in this work ranged from 0.05 ML to 0.5 ML.

The bare Au(111) surface as well as the MogSg/Au(111) surface was probed
by AES, UPS, and TPD. Electron energy analysis was performed by a hemispherical
energy analyzer with a 100 mm mean radius. A 5 KeV electron beam was used to
excite the Au (MNN; 74 eV), S(LMM; 153 eV) and Mo (MNN; 190 eV) Auger
transitions. The valence bands of the surface were probed using a differentially-
pumped, hollow-cathode discharge lamp using He gas to produce 21.22 eV photons
(Hel transition).

Temperature programmed desorption of *CO were used to probe the exposed
Mo metal sites of the deposited clusters. A quadrupole mass spectrometer utilizing a
cryogenically-cooled shroud was used to ionize and detect desorbed molecules form
the surface. Isotopically labeled PCO (m/e = 29; Cambridge Isotopes) was used to
avoid interference from background CO (m/e = 28) in the vacuum chamber. The
MoeSs/Au(111) surface was typically dosed at 200 K to minimize *CO desorption
signal from defect sites on the Au(111) crystal between 170 K and 200 K. After
cooling to 145 K, TPD spectra were recorded by ramping the surface temperature at a
rate of 2K/sec.

4.2.1 Computational Details

Computational details for the geometric calculations which gave HOMO-

LUMO gap information for the cation clusters has been described in Chapter 3,

Section 3.2.1. Additional calculations in this chapter were done on the MosSs cluster
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using periodic density function theory (DFT) calculations with the projector-

1% method were carried out for all calculations, as

augmented wave (PAW)
implemented in the Vienna ab initio simulation package (VASP).""'"” The
generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional'®™ was used. The kinetic energy cutoff for a plane
wave basis set was 400 eV. We applied a Monkhorst-Pack mesh'” with (3x3x3) and
(3x3x1) k-points for bulk and surface -calculations, respectively, allowing
convergence to 0.01 eV of the total electronic energy. For the 2-D slab model
calculations, the Au(111) metal surfaces comprised of three atomic layers were
separated by a vacuum space equivalent to four layers (~23 A) in the direction
perpendicular to the surface. Only the top most layer of the Au(111) surface was
relaxed, the bottom two layers were fixed.
The binding energy of the MoeSg on the Au(111) surface was calculated from
the following expression:
AE,4s = E(Mo6Ss/Au) — E(MogSs) — E(Au) 4.1)
Similarly, the total adsorption energy of CO bound to the supported cluster was
calculated from the following:
Eads = E(NCO/MogSs/Au) — E(MosSs/Au) — E(nCO) (4.2)
The binding energy for the sequenctial addition of CO onto the supported cluster was
determined using the following equation:

AEq4s(n) = Eags(N) — Eags(N-1) (4.3)
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The effective coverage of the deposited clusters in the calculations is ~0.1 ML as
estimated from the area of the base of the cluster divided by the total area of the

Au(111) surface used.

4.3 Results and Discussion

4.3.1 Mo,S," on Au(111)

A range of Mo,S," clusters were deposited on the Au(111) surface and a TPD
spectrum for the desorption of '*CO for each of the clusters is compared in Figure
4.1. The adsorption of CO has proven to be a good probe of available metal sites in
previous studies and the strength of the CO-Mo bond has be shown to correlate with
binding energies seen in systems used as hydrodesulfurization catalyst. The binding
energy for CO was calculated using a Redhead analysis (equation 2.6) with
estimations given in Chapter 2.

The smallest cluster to be deposited on the Au surface is the MosS;. The
black trace in Figure 4.1 shows the CO desorption peak at a temperature of 240K,
which corresponds to desorption energy of ~0.70eV using equation 2.6. In Chapter 3,
it was found that the lowest energy configuration for the MosS; cluster was an open
structure that possessed one long metal-metal bond and several dangling sulfur bonds.
The calculated HOMO-LUMO gap for the free cluster is 1.41eV and therefore, in
comparison the other clusters, it is the least stable as can be seen in Figure 4.2. It
may be possible that the small cluster does not maintain structural integrity once it is
deposited onto the surface. This would not be a consequence of high energy landing
as the kinetic energy profiles show an energy distribution of ~0.15 eV/atom which is

still consistent with soft-landing. It may be possible that as a result of the dangling
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sulfur bonds found in the lowest energy structure, binding onto the surface may not
be stable. Bond breakage between the molybdenum and sulfur atoms may occur due
to strong Au-S interactions resulting in amorphous species on the surface that have no
real structural integrity. This will be discussed further in the next section when each
of the clusters is analyzed for their thermal stability.

The magic cluster Mo4S¢ has been studied previously in our laboratory®® and
will be shown here for comparison. The desorption temperature for *CO occurs at a
peak maximum of 270K that correlates to a CO binding energy of ~0.77eV. This
cluster has been thought to be unusually stable as a consequence of its large HOMO-
LUMO gap of 2.91eV.>"*" The Mo,Ss" cluster is the most prominent peak in our
mass spectrum (Figure 3.1) and is consistent with high stability. Its cage-like
structure (internal metal tetrahedral core with edge sharing sulfur atoms) adds to its
unique stability (see Figure 4.2). The rigid nature of the Mo4S¢ geometry allows it to
stay structurally intact when binding onto the Au substrate as suggested by previous
DFT studies in which the cluster is only slightly distorted when bound to the Au
surface.”™*

The MosS; was the next to be examined and it was shown to be a structural
adaptation of the Mo4Se, with the addition of one metal and one sulfur atom. The CO
desorption peak (blue trace Figure 4.1) is very broad in nature with a FWHM of 92K.
This suggests that there are a variety of different CO binding sites once the cluster is

deposited onto the surface. The calculated HOMO-LUMO gap, 1.47¢V is similar to

that of the Mo3S7 (Figure 4.2) and is likely to be less stable in comparison to the other
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clusters. This may be the result of the dangling sulfur bond which is similar to that of
the MosS-.

The MosSg is comprised of an octahedral core of Mo atoms and face capping
S atoms as described in the previous chapter. The CO desorption intensity is higher
than any of the other clusters with a maximum temperature of 288K which
corresponds to a CO adsorption energy of ~0.83eV. Previous calculations on this
cluster have shown it to retain its geometry on the surface and more details on its
characterization will be addressed in the following sections.”°

The two largest clusters that were deposited on the Au surface are the Mo;Si
and the MogS;, clusters. In the previous gas phase studies, we were unable to
determine conclusively the lowest energy structure for the Mo;So cluster based on
CO collision studies and the MogS;>» was never evaluated due to its low ion beam
intensity. However, based on their CO TPD peak profiles, some observations can be
made for possible low energy structures for each of these clusters.

In Figure 4.3a, there is a comparison for the CO TPD profile for the MoeSg
cluster and the Mo5S;o. They each have a FWHM of ~ 51K and hold the highest CO
binding energies at ~0.83eV and ~0.80eV, respectively. The desorption temperature
for CO is slightly lower for the MosS;o cluster at 277K in comparison to 288K for
the MoSs. Despite the difference, the peak shapes are very similar and may suggest
a similarity in Mo binding sites. It has been shown previously that the larger clusters
may be formed by the addition of Mo and S atoms to the more stable cage like
structures (i.e. M0osS¢ 2?MosS7). Therefore, it is likely that the Mo;S¢ has structural

similarities to the more stable octahedral MosSg. Gas phase collision studies suggest
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that the addition of a MoS, unit will make two Mo sites unfavorable for adsorption.
Collision studies Mo7S1o cluster and CO shows the most stable adduct to be the n=5
configuration with only weak binding up to n=7.

Figure 4.3b shows the TPD spectra for BCO on the Mo4Sg¢ and the MogSi»
clusters. A rather remarkable observation is that both TPD profiles are nearly
identical. One possible explanation is that the MogS;, is actually a dimer of the
MoSs cluster. It has been reported that non-stoichiometric nanoplate formation can
occur from these smaller clusters as well as self assembly on the surface.”” The
Mo4S¢ cluster exhibits trigonal symmetry similar to larger Mo;Sss structures

observed experimentally.””''?

These platelets are sulfur rich in nature without the
observation of any dangling sulfur bonds consistent with the dimer presented. Self
assembly and ordered arrays of Mo,S, units are not uncommon and may be building
blocks for unusually stable sulfur rich phases such as the Chevrel phase of the MoeSsg
cluster.

As a general feature, it is likely that the structure stability of the clusters prior
to deposition is a good indication of its stability on the Au(111) surface and its ability
for adsorption of CO. Figure 4.4 shows the calculated CO binding energy for the
different clusters on the surface, the error bars denoted are the peak widths of
desorption signal. This helps to point out the binding energy distribution resulting
from different adsorption sites that are possible for a given cluster on the surface.
4.3.2 Thermal Stability of the Mo,Sy on Au(111)

The thermal stability of the Mo,S, clusters on Au(111) was examined using

desorption studies of *CO on the surface. Figure 4.5-4.7 shows the >CO TPD
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spectra for each of the deposited clusters as a function of substrate annealing
temperature. Each series of spectra shows that the surface undergoes morphological
changes as probed by decreases in CO uptake intensity as well as changes in TPD
peak shape. The most notable feature is the decline of the *CO signal intensity as a
consequence of annealing, indicating that the number of available metal sites for
binding has decreased. This observation is consistent with the formation of larger
nanoparticles and or amorphous agglomerates on the Au(111) surface. For all of the
clusters except the Mo3S;, as the surface is heated up, a low temperature shoulder
arises at ~240K, with the majority of the TPD signal still coming from the main high
temperature contribution. This indicates that there are still Mo sites that are similar in
chemical nature to the parent structure that was deposited on the surface and we
attribute the low temperature feature to desorption from amorphous MoS, species.
The diffusion of the clusters is thermally activated at temperatures slightly above
room temperature as the low temperature feature occurs generally at ~400K. It is
interesting to note that the initial desorption temperature for the Mos;S; occurs at
240K and does not shift during annealing cycles. Therefore, we conclude that the
MosS; is deposited on the surface in an amorphous phase similar to that of the
annealed clusters. Examining the cluster structure (Figure 3.6 Isomer III), it is not too
surprising that such a geometric configuration would not survive deposition on the
surface.

In the specific case of MoeSg previous DFT studies as well as our own DFT
studies have shown that the square bridge position is the most favorable binding

configuration for the cluster on Au (111) with an energy of -1.79¢V. However,
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because of the incommensurate nature of the binding between the quasi-cubic MogSg
cluster and the hexagonally packed Au surface, several other binding configurations
are nearly degenerate in energy (within 0.1-0.2 eV).” The different binding sites give
rise to a low barrier for diffusion promoting mobilization once the surface is
thermally activated.

The possibility of desorption of the clusters into the gas phase as well as
encapsulation by Au atoms were examined via pre and post annealing AES studies. It
has been shown that Au-atom encapsulation can occur on deposited materials on
Au(111) as a consequence of the high mobility of Au adatoms on the surface.
Thermally induced encapsulation by Au adatoms has been observed in previous
studies of both Mo metal’™'"! and MoC,’* deposited on Au(111) as a result of the
lower surface free energy of Au relative to Mo metal. The addition of sulfur,
however, has been shown to inhibit encapsulation of Mo by Au.>*'"" When analyzing
the AES spectra, the Au:Mo and Au:S Auger signal ratio did not change indicating
that the loss of CO uptake at higher temperature is not due to site blocking by Au
atoms.

4.3.3 M0gSg on Au(111): Theory of Cluster on Surface

In light of the stability of the MosSs cluster as indicated by its relatively large
HOMO-LUMO gap (1.99¢V) and CO binding energy, a more comprehensive study
was performed on this cluster beginning with theoretical results as to the nature of the
binding on the surface. The structure of the free Mo¢Ss cluster and the supported
cluster on Au(l111) as calculated by VASP can be seen in Figure 4.8. The

unsupported MogSsg cluster (Figure 4.8a) consists of an octahedral core of Mo atoms
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with a Mo-Mo bond length of 2.62A and a Mo-S bond length of 2.44A giving it an
overall symmetry near Oy, with fine tolerances (within 0.01A). Imposing more strict
tolerances (within .001A) lowers the symmetry of the cluster to C; Once bound to the
surface in a square bridge position, the octahedral core of the cluster remains
unaffected as the Mo-Mo bond length changes only slightly to a value of 2.64A. The
Mo-S bonds closest to the Au(111) surface displays a slight elongation to 2.50A at
the base of the cluster while the Mo-S bonds at the top of the cluster experience a
slight contraction to 2.40A. These relatively small distortions in the supported cluster
are accompanied by a slight tilt in the final adsorption configuration that breaks the
local symmetry to C;. This particular binding configuration (Figure 4.8b) gives an
energy of -1.79eV with a Mo-Au bond length of ~2.90 A and Au-S bonds having a
range between 2.60-2.95A. There is little overall charge transfer between the cluster
and the Au(111) surface. The MosSs becomes less negative with an overall charge
transfer of 0.04e while the Au(111) surface becomes more negative with a charge
transfer of -0.04e. In fact, this small electron transfer seems to only affect the local
sulfur atoms as both the Mo top and side sites retain a mulliken charge of -1.41e and
-1.21e respectively from the gas phase to the surface. The predicted charge density
differences are very small and should have little effect in the reactivity of the cluster
on the surface. This, however, is in stark contrast to previously investigated small

magic cluster, Mo4Ss supported on Au(111). *

In this study an electron transfer of
-0.23e to the Mo top site was found and a -0.36e charge transfer for the Mo side site.

The sulfur atoms also saw considerable redistribution of charges with a +0.23e

transfer for the sulfur top site and a +0.32 transfer for the sulfur atoms bound to Au.
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Qualitatively, it may be that because of the much higher binding energy predicted for
the Mo4S¢ (4.2eV) than the MoeSg (1.79¢V) on Au, the charge transfer (interaction)
with the surface is greater.

4.3.4 MogSg on Au(111): Cluster Coverage Dependence

The MogSs" clusters were deposited with coverages between 0.05 and 0.5ML.
For every cluster coverage an Auger spectrum was taken to measure relative surface
concentrations of Au, S, and Mo atoms. A typical AES spectrum for a 0.4ML
coverage can be seen in Figure 4.9. The raw AES signal was first smoothed and the
first derivative was taken to highlight the regions of interest. In this case we display
the Au(MNN) line at 74eV, the S(LMM) line at 153eV, and the Mo(MNN) line at
190eV. The peak areas can then be used to analyze the Au to S ratio as a function of
cluster coverage. The beam from the electron gun is small in size, < 0.2mm in
diameter, relative to the actual deposition area (23 mm?) and so we are confident that
the Auger signal only corresponds to those within this region.

The coverage dependence of the Au:S peak ratio for MoeSg deposited on
Au(111) is shown in Figure 4.10. As the cluster coverage increases, the Au:S ratio
drops very rapidly but does not go completely to zero. Previous studies on a smaller
Mo4Se cluster in our laboratory show that the residual signal is likely a result of
incomplete attenuation of the Au Auger electrons by the adsorbed clusters.”
Multilayer formation was considered as a possibility and in order to evaluate the
extent to which it can occur at coverages <IML, the Au:S ratio versus cluster
coverage was fit to a simple model that we will employ on this cluster as well. The

model assumes that the sulfur and gold Auger signals are proportional to XIs and (1-
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bX)1ay, respectively, where Is and 1A, are the signal sensitivity factors for the S(LMM)
and the Au(MNN) electrons. The value X (0 <X < 1) is the monolayer coverage of the
clusters, and the parameter b represents the residual Au(MNN) signal due to the
incomplete screening of the surface. The Au:S Auger intensity ratio can then be
written as a(1/x — b) where a = (Ixy/Is) and b is expected to be ~0.9 based on the
estimated Auger attenuation length using the NIST database of the Au MNN Auger
(74 eV) signal.112

The solid lines in Figure 4.10 show least square fits of the Au:S ratio data to
the expression a(1/x — b), each of which have different restraints as shown in Table
4.1. For the fit where the parameters a and b are allowed to vary independently (green
curve), we obtain a very good fit to the data, with a = 0.45 + 0.03 (Auger sensitivity
ratio) and b = 0.67 £ 0.15 (Au Auger attenuation factor). Although, the latter is not
entirely in agreement with that calculated from NIST database (~0.90), fixing b= 0.9
still results in a nearly identical fit to the data (blue curve) with a slight change in the
Auger sensitivity factor to a =0.51 £ 0.04. Overall, the model describes the observed
Au:S ratio and therefore we conclude that the experimental Auger data is consistent
with the clusters adding to the bare areas of the Au surface to form a monolayer
before a second layer. The fitted value a = IA/Is in all cases is in excellent agreement
with the sensitivity factors obtained from the tabulated sensitivity factors for the
S(LMM) and the Au(MNN) Auger transitions for and incident electron energy of
5keV which is [,/Is = 0.51.

4.3.5 M0gSg on Au(111): Theory of CO adsorption
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It has been seen that °CO is a good probe for the identification of available
metal sites in these small sulfide clusters.””> A series of *CO TPD curves are shown
in Figure 4.11 as a function of MosSg coverage on the Au(l111) surface. The
desorption of *CO from the deposited clusters occurs at temperatures between 281-
295K as the cluster coverage increases. All TPD curves shown are for a saturated
dose of >CO, and these exposures can be used to calculate the sticking coefficient for
that particular cluster coverage. We use 0.IML as our base as it represents clusters
that are isolated and that should be able to bind 5 CO molecules (one Mo site is
bonded to the substrate). We are able to make reasonable estimations in the sticking
coefficient as a result of knowing how many ions are on the surface after each
deposition. In that way, we are able to calculate the number of available sites for
adsorption (5 available sites for each cluster). The sticking coefficient has a value of
0.75 £ 0.1, which was calculated by the number of ?CO molecules that stick to the
surface versus the number of ?CO molecules that impinge the surface.

Figure 4.12 shows the ?CO TPD peak temperature and integrated area as a
function of cluster coverage. For the ?CO TPD peak area there is a steady increase
in intensity until approximately 0.40ML after which there is a plateau in the
desorption signal. Similarly, the peak temperature rises until the same monolayer
coverage and plateaus after that point. This indicates that the addition of clusters onto
the Au(111) up until 0.40ML results in an increase in adsorption sites after which
cluster crowding would result in no increase in available metal sites. Changes in the
electronic structure on the surface can be observed by the increase in >CO TPD peak

temperature as the cluster coverage increases. It has been seen previously for the
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Mo4Ss™ cluster on Au(111) that as the cluster coverage increases the *CO TPD peak
temperature decreases as a result of crowding on the surface making some sites
inaccessible to binding, while other available sites weaken the cluster-CO bond as a
result of electronic interactions on the surface.> This is not the case for the MogSs
cluster since the desorption temperature increases indicating there is a strengthening
of the Mo-CO bond as the cluster coverage increases on the Au(111) surface. One
explanation could be that there is a change in the local electronic structure as the
surface accumulates more clusters. Despite the fact that there is little charge transfer
between the cluster and the surface, cluster-cluster interactions may highly influence
CO binding energies resulting in an overall increases in strength. Density functional
theory was used to examine CO binding to the different Mo sites on the supported
clusters. The calculations were carried out for the sequential binding of CO to the
point of saturation. The total adsorption and binding energies for CO as defined by
equation 4.2 and 4.3 can be seen in Figure 4.13. For a coverage of 0.1ML, the cluster
will bind up to 5 CO molecules as noted by the steady decrease in the total adsorption
energy. For n=1 to n=4 (which are all equivalent Mo sites) the binding energy shows
little fluctuation as can be seen by the inset in Figure 4.13. The average binding
energy is between -1.2 and -1.3 eV for the occupation of all of the side sites with CO.
When the 5™ CO is added there is a slight increase in binding energy to -1.48eV
demonstrating the inequivalent nature of the top site. The increase in binding energy
indicates that the local electronic structure of the Mo is such that the Mo-CO
interaction is enhanced. This has been observed previously with the Mo4Se structure

where the top Mo site was seen to also have the highest CO binding energy as a
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consequence of its slightly positive mulliken charge in comparison to the side sites. ™
Therefore, it could be said that the sequential addition of CO would first begin with
the occupation of the top site with the side sites following suit. A decrease in binding
energy is observed with the addition of the n=6 CO molecule with a binding energy
of -0.35eV, indicating that the adsorption would be energetically unfavorable. In
Figure 4.14 it can be seen that the 6™ CO molecule would be added to an already
occupied Mo site and that the crowding and/or local electronic environment of the
Mo atom would not allow this to occur experimentally.

Qualitatively, the observation for a steady CO binding energy up until n=5
may be correlated to the fact that the CO TPD temperature increases slightly as the
cluster coverage increases. Repulsive interactions of the adsorbates is not observed
with the calculations which would in turn show a decrease in binding energy
(desorption temperature). The calculated sticking coefficient of 0.75 = 0.1 would
indicate the binding of an average of 4 CO molecules onto the supported clusters at
saturation. This is in relatively good agreement with the calculated CO binding
trends.

4.3.6 M0sSg on Au(111): UPS
A UPS spectra of a clean Au(111) crystal is shown in Figure 4.15a. The
features shown between the energies of -2 and -7 eV are attributed to the 5d valence

3

band which has been observed in previous studies.'"> The feature just below the

Fermi edge is assigned as the Shockley surface state.''*

Figure 4.15b also shows a
UPS spectrum for a 0.30ML coverage of the MosSs on the Au(111) surface. Overall,

the intensity for the valence band peaks of the Au are lowered in intensity and a small
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feature appears at a binding energy of -1.0eV, which can be seen in the expanded
region in Figure 4.15b. The difference spectrum helps to denote the cluster
contribution at this energy on the surface. DOS calculations of the bare Au(111) and
the supported cluster were done and are shown in Figure 4.16 for comparison to
experiment. In order to compare to the UPS data recorded in our laboratory the
calculated DOS was broadened by a Gaussian function with a FWHM of 0.1eV which
is comparable to the resolution our spectrometer. Generally, the DOS is in good
agreement with the experiment showing the decrease in signal intensity for the 5d Au
contribution as the clusters are deposited as well as the indication of a feature at -
0.80eV. Partial density of states calculations done by Popov et. al. is in good
agreement with those shown here. It was determined that the Mo-S bonding states
should be found between the energies of -5.1eV and -2.0eV.” Experimentally we are
unable to see these states as a result of the overwhelming signal of the Au valence
band. Energies above -2.0eV are the Mo-Mo bonding states of the Mo cluster core,
therefore the broad feature at -1.0eV that is observed would correspond to those Mo

metal d states within the octahedral center.

4.4 Summary and Conclusions

In this chapter size-selected deposition has been used to investigate the
adsorption and thermal properties of the Mo,Sy clusters supported on a Au(l11)
single crystal. The nature of the as-deposited clusters were investigated using TPD
BCO studies where the peak shape, desorption temperature, and response to thermal
activation, gave information regarding the stability on the surface. Those with small

HOMO-LUMO gaps and dangling sulfur bonds exhibit weak CO binding with broad
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TPD profiles, while the structures with higher HOMO-LUMO gaps and cage-like
geometries appeared more stable on the surface. Previous gas phase studies of the
size-selected clusters with CO were used to determine the lowest energy
configuration of each of the clusters. The larger clusters MosS;o and MogS, were not
included in this study but structural information was inferred by comparing the TPD
peak shape and temperature to those clusters whose structures have already been
solved. As a result, the MosS;o could be structurally similar to the MogSg in light of
the fact that the addition of one MoS unit has been seen to give higher order
structures like the MosS; based on the more energetically stable smaller M04S¢ unit.
In the case of the MogS;, the TPD profile suggests that a dimerization may occur of
the magic cluster, Mo4S¢ as the TPD peaks are identical.

Annealing of the Mo,S,/Au(111) surface up to temperatures of 400K resulted
in the onset of a low temperature peak indicating the formation of an amorphous
Mo,Sy phase on the surface with a desorption temperature of ~240K for each case.
The smallest cluster, MosS,, is unique in this instance since its *CO desorption
temperature falls in this temperature region and exhibits no shift as the cluster is
annealed. This demonstrates its instability as it lands on the surface as a consequence
of its dangling sulfur bonds. These coordinatively unsaturated sulfur atoms may have
strong interactions with the Au substrate stripping the small cluster of its geometric
integrity. Upon further annealing to ~700K, each cluster exhibits a loss of CO uptake
suggesting that there is a less adsorption sites available. The thermal activation of the
surface can therefore promote diffusion of the clusters on the Au and the formation of

two-dimensional amorphous Mo,S, islands.
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A more comprehensive study on the MogSg on the Au surface revealed a
stable square bridge adsorption orientation with a relatively strong binding energy of -
1.79eV which is comparable to previous calculations done on the cluster.”> Auger
measurements as a function of cluster coverage show that the clusters should behave
independently to coverages up to ~0.15ML. However, “CO thermal desorption
studies show that there is a non-linear increase in the CO signal intensity up to
~0.40ML and that the number of available metal sites does not increase at 0.50ML
indicating that cluster crowding has begun. Since there is a low barrier for diffusion
on the surface it may be that there is an adsorbate induced organization of the clusters
so as to limit repulsion between CO molecules. It has been reported that the MogSs
may be able to self assemble on the Au(111) surface.® However, this has yet to be
observed experimentally. The top site was found to bind CO more strongly, likely
due to the local electronic structure of the Mo atom that is far removed from the Au
surface. Calculations suggest that the CO binding is additive up to 5 CO molecules
and is in good agreement with the calculated sticking coefficient of 0.75+0.1eV.
Photoemission experiments and theoretical calculations show an appearance of a
broad feature at -1.0eV that is a consequence of the Mo-Mo bonding d states of the

octahedral metal core.
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Figure 4.1: °CO TPD spectra for the a 0.3ML coverage of the Mo,S, clusters
deposited on Au(111). Dotted line denotes *CO desorption signal from defect sites
on the Au(111) crystal.
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Figure 4.2: DFT calculated HOMO-LUMO gaps for the Mo03S7, M04Ss, MosS7, and
MosSs clusters. The lowest energy structure for each cluster is also shown.
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Figure 4.3: BCo TPD comparison spectra for the a) MoeSg and Mo;S; clusters and
b) the Mo4Se¢ and MogS;, clusters supported on Au(111). Each cluster is at a
coverage of 0.3ML.

88



1.0

S oo r o
5 S R S .
i 0.8- , @ .
S {+ ® e =
< i i : 0 i
Q 074 4 ; H

3 Y .

06 + T T T T T T T T T T
37) 46) (7) (68) (7,10) (812)

MoXSy(x,y)

Figure 4.4: Calculated CO binding energy for the different Mo,S, clusters supported
on Au(111). The blue dot denotes the binding energy at the peak maximum while the
dotted green line is indicative of the peak width in eV.
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Figure 4.5: Temperature programmed desorption spectra of *CO on 0.30ML of
MosS; and MosS¢ on Au(111) as a function of crystal annealing temperature. The
inset in shows the onset of a low temperature feature.
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Figure 4.6: Temperature programmed desorption spectra of *CO on 0.30ML of
MosS; and MogSg on Au(111) as a function of crystal annealing temperature. The
insets in shows the onset of a low temperature feature.
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Figure 4.8: a)Geometry optimized structure as calculated by DFT of the a)Mo4Ss
cluster, b) Mo¢Sg cluster supported on Au(l11), and c) top down view of 4x4
supercell.
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Figure 4.9: AES spectra of a 0.4ML coverage of MogSg on Au(111).
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Figure 4.11: Temperature programmed desorption of *CO as a function of MoeSs
cluster coverage on Au(111). A saturated dose of *CO was used in each case.
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Figure 4.13: Total adsorption energy diagram for the sequential addition of CO on
the MosSg cluster supported on Au(111). The inset shows the binding energy for

each CO molecule.
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Figure 4.14: Geometry optimized structures for the n =4, n=5, and n=6 CO
configurations on MogSs/Au(111) configurations as determined by density functional
theory.
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Figure 4.15: a) UPS spectrum of bare Au(111) and 0.30ML of MosSg on Au(111)
and b) expanded region of the MosSg contribution on the surface.
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Figure 4.16: Calculated DOS for the bare Au(111) and the MogSs cluster supported
on Au(111).
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Fit Constraints

Calculated S,

Calculated Attenuation Factor

b=a

where a and b vary | 0.45 0.68
independently

b=a 0.41 1.00
a=0.51 andbean | b oq 400,51 0.60

vary

Table 4.1: Fit parameters and constraints for the least squares fit of the Au:S signal
intensity as a function of cluster coverage.
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Chapter 5. Dissociation of OCS on MogSg/Au(111)

5.1 Introduction

The need to study hydrotreating processes for the clean-up of fossil fuel and
crude oil of impurities through hydrodesulfurization (HDS) and hydrodenitrogenation
(HDN) is of significant importance from an economic and environmental standpoint.
Pollutants such as SOy and NOy gases are of primary concern as they create hazards
to human health and atmospheric quality. To date, one of the most widely used
catalysts for HDS and HDN processes is stoichiometric molybdenum sulfide,
MoSz.“’97 Characterization of such catalysts are difficult because of their chemical
and structural heterogeneity therefore making it unclear which properties are
important for these processes. Model catalytic systems on single crystal substrates or
well characterized thin films have been used in surface science to probe catalytic
processes that otherwise could not be thoroughly studied as a result of inhomogeneity

444647 por example, HDS reaction pathways have been

in the active components.
examined on MoS; nanoclusters supported on Au(111) detailing interactions between
thiophene and the supported nanoclusters with no involvement of the support.*

In bulk form, gold is considered an unreactive metal and the closed packed

Au(111) surface has often been used as a non-interacting substrate for studying the

48-50 51-53
| d

electronic structure and reactivity of supported meta and metal compoun
nanoparticles. Of particular interest are recent experimental studies of small

molybdenum sulfide nanoclusters deposited on the Au(111) surface which are used to

explore the atomistic details of desulfurization reactions that are relevant to the
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33,43,45,47,57,58

industrial hydrotreating of fossil fuels. In the work of Besenbacher and

455758 the electronic structure and reactivity of triangular nanoplatelets

coworkers,
of MoS, grown on the Au(l11) surface were found to be unperturbed by the
underlying gold surface. For the non-stoichiometric Mo4S¢ and MogSs nanoclusters

3456 and recent

on the Au(111) surface, theory predicts relatively strong S-Au bonds,
experiments suggest that cluster-Au interactions modify their electronic and chemical
properties.” In this work, we report the observation of an unusual catalytic reaction in
which the Au(111) surface directly participates in the catalytic decomposition of
carbonyl sulfide (OCS) which is initiated by the Mo¢Sg supported on the Au surface.
The reaction studied here is the dissociation of carbonyl sulfide, i.e.,
OCS(a) = COq) + Sqa (5.1)

on a surface consisting of a sub-monolayer coverage of MogSs clusters deposited on a
Au(111) surface. As a simple desulfurization reaction, the dissociation of OCS yields
gas-phase CO(,) products which are readily detected in the gas phase. Moreover, the
relative simplicity of the reaction also makes this system more amenable to
theoretical modeling, including transition states as demonstrated in this work. The
selection of the Mo¢Sg cluster for investigation is due to its unique structural
properties and potential as a nanocatalyst. The Mo¢Sg cluster is well-known as the
basic building block of the Chevrel phase of molybdenum sulfide with a unique cage-
like structure in which the eight sulfur atoms are located in the triangular faces of a
Mog octahedral core. From the standpoint of HDS catalysis, it is known that the active

sites for reaction on industrial catalysts are associated with metal sites (Mo or Ni/Co

promoter atoms) located at the edges of MoS, nanoparticles.'"*” In addition to having
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Mo-Mo bonds that are absent in stoichiometric MoS,, the MogSg cluster bonded to
Au(111) has five (one atop site, 4 side sites) coordinatively unsaturated Mo atoms

which can act as active sites for adsorbate binding and reaction.

5.2 Experimental

Experimental details for this chapter have been described in Chapter 4,
Section 4.2. Briefly, we use a magnetron sputtering source to generate a distribution
of MXSy+ cation clusters, from which the MogSs™ cluster is mass-selected by a
quadrupole filter and then “soft-landed” on the Au(111) surface under UHV
conditions. Cluster deposition was performed at room temperature at coverages
between 0.05 ML and 0.5ML. The TPD experiments were performed using a linear
heating ramp of ~2 K/sec and desorbing molecules were detected by quadrupole mass
spectrometer (electron impact ionization) enclosed in a LN-cooled vacuum housing.

Theoretical calculations using density functional theory (DFT) were also
performed in this work using the VASP code for OCS binding and dissociation on the
Au-supported MoSg cluster. YongMan Choi and Ping Liu of Brookhaven National
Laboratory did all calculations in this section of the work. The total adsorption
energy of OCS bound to the supported cluster was calculated from the following:

Eads = E(NOCS/Mo6Ss/Au) — E(MogSg/Au) — E(nCO) (5.2)
The binding energy for the sequential addition of OCS onto the supported cluster was
determined using the following equation:

AEads(N) = Eags(N) — Eags(N-1) (5.3)
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The Mo¢Ss cluster is slightly distorted relative to the free cluster as a result of the
mismatch between the cubic arrangement the four S-atoms at the base of the cluster

and the hexagonal structure of the Au surface atoms.

5.3 Results and Discussion

5.3.1 Thermal Desorption of OCS on MogSg/Au(111)

Figure 5.1a and 5.1b show the TPD spectra for the desorption of OCS on the
bare Au(111) crystal and the MogSg supported on Au(111) respectively. In each, the
desorption signal for CO (m/e = 28) and OCS (m/e = 60) is monitored. For the bare
Au(111) surface an OCS desorption peak is observed at ~121K as well as a small
amount of CO (6% of the OCS signal) which is a consequence of fragmentation of
the parent molecule in the ion source of the mass spectrometer. Once the clusters are
deposited there is a shift in the substrate OCS desorption peak to ~125K. The
assignment for the shift in the bare Au(111) OCS desorption peak is consistent with
Figure 5.2 which displays TPD spectra for the interaction of OCS on the supported
cluster as a function of the cluster coverage. As the coverage increases (less Au
exposed on the surface), the contribution of the low temperature OCS on Au(111)
peak decreases. By comparing TPD spectra for the bare substrate and the cluster
covered Au(111), it is clear that the CO dissociation signal is a consequence of the
deposited clusters. The latter is supported by the fact that the CO fragmentation
signal is very low and therefore it should have a negligible contribution to the
resulting OCS dissociation peak.

The higher temperature OCS TPD peak in Figure 5.1 is only observed in the

presence of clusters and is attributed to reversible adsorption/desorption of OCS on
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the supported MogSs cluster with a desorption temperature of 195K (at 0.2ML). With
increasing coverage (Figure 5.2), the peak temperature is seen to shift from 190 K to
209 K, while the integrated intensity initially increases but then plateaus as shown in
Figure 5.3. The saturation behavior of OCS desorption from the cluster is similar to
that observed in a previous study (chapter 4) of *CO adsorption/desorption on the
MoeSs cluster also deposited on Au(111). The observed plateau in the “CO
desorption yield was explained by cluster crowding at higher coverage that leads to
the physical blocking of Mo-side sites therefore there would be no net increase in the
amount of adsorbate binding. The shift in the OCS TPD peak temperature is also
consistent with *CO trends indicating an increase in binding energy as the cluster
coverage increases. This may be a result of changes in the electronic structure of the
deposited clusters as previously observed with '*CO thermal desorption
measurements.

Figure 5.4 shows the TPD profiles for the OCS reaction cycle as a function of
OCS exposure time to the MogSs/Au(111) system. A notable aspect of this
dissociation reaction is that it occurs at lower temperature (110-175K; peak
temperature is cluster coverage dependent) than desorption of intact OCS molecules
from the cluster (160-230K). This indicates that some adsorption sites on the MogSg
cluster can activate dissociation, whereas others cannot. From the relative desorption
yields of CO versus OCS, dissociation is favored over simple adsorption. These two
observations suggest that most of the Mo-atom sites can promote dissociation. The
latter is supported by OCS coverage-dependent TPD experiments shown in Figure

5.4, that show that OCS desorption saturates at lower coverages than the CO product.
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From the calculated structure of the cluster it is expected that the supported cluster
has four equivalent Mo-atom side sites active for dissociation (see Figure 4.5b) and
one top site for molecular adsorption/desorption. Theoretical calculations presented
later on this chapter will help support the idea of the sides sites being the preferred
binding site for the dissociation channel.

Presuming that the dissociation reaction is occurring on the cluster and the
resulting S-atom binds to the Mo-atoms of the cluster, it should be the case that at
some point the reaction will no long occur. Generally, HDS catalysts are often
“poisoned” by the reaction processes as their goal is to remove impurities through
binding on the metal sites. Based on this, the dissociation channel should “shut” off at
a certain point since there are limited Mo sites for reaction and sulfur binding.
However, we did not observe a decrease in the activity of the catalyst after many
reaction cycles. Figure 5.5 shows *CO thermal desorption spectra before and after
~15 OCS reaction cycles. "“CO binds to the available Mo sites on the cluster,
therefore if the Mo sites are being poisoned through dissociation sulfur dissociation
products binding to the Mo sites, there should be a significant decline in the *CO
signal intensity as the reaction cycle is run over and over again. This is not the case,
as it can be seen that both TPD spectra before and after the reaction cycles are nearly
identical.

One possible explanation for such an observation is that the reaction is
occurring on the Au surface modified by the presence of the cluster and not on the
supported cluster itself. To verify the active species, a “poisoning” experiment was

performed in which CO adsorption was used to block the Mo-atom binding sites prior
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to exposure to OCS. The Au-supported MogSg clusters bind CO more strongly than
OCS as evidenced by its significantly higher desorption temperature, i.e., ~300 K for
CO versus ~200 K for OCS (see Figure 5.5). In these experiments the as-deposited
MoeSs/Au(111) surface was first exposed to a saturation dose of *CO at 150K so as
to avoid °CO binding to exposed areas of the Au(111) surface. The surface was then
cooled to 100 K and dosed with OCS followed by a thermal desorption measurement.
The results in Figure 5.6 show that when all of the Mo sites are occupied by *CO
molecules, desorption of OCS (me/ = 60) from the cluster and the CO (m/e = 28)
reaction product are strongly suppressed. Desorption of >CO (m/e = 29) from the
cluster and OCS from the Au(111) surface are the only products observed (the very
small CO (m/e = 28) signal is due to OCS fragmentation in the ion source). It is clear
from these results that the Mo-atom sites on the supported MosSs cluster are
necessary for OCS dissociation.

5.3.2 OCS Binding on MogSg/Au(111)

To develop a better understanding of the OCS dissociation mechanism on the
MogSs/Au(111) surface, several DFT calculations were performed starting with the
interaction between OCS on the supported MoeSg cluster. Figure 5.7 shows four
different binding configurations for OCS on Mo¢Sg/Au(111). Structure I is the least
stable of the four configurations with the OCS doubly coordinated via the S atom
bound to a Mo side site (Moss) of the cluster and the oxygen atom bound to an atop
site on the Au(111) surface. This is a relatively unstable geometry as the OCS
molecule is highly distorted when bound to both the cluster and substrate. Structure

IT with the OCS molecule bound on a Mo top site (Moy) has a larger binding energy
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than Structure I. The most stable OCS binding configuration (IV), with an adsorption
energy of -0.44eV, is shown to be bound via the sulfur atom to a Mos, with the
molecule oriented parallel to the surface normal. Nearly energetically degenerate,
structure (III) shows the OCS molecule bound to the same Mo site with its orientation
perpendicular to the surface normal. Mulliken population charges, shown in Table
5.1, indicate that there is little charge transfer between the OCS molecule and the Mo
site it is occupying with only slight negative charge transfer to the metal atom.
However, there is considerable redistribution of charge within the OCS molecule
itself, as the sulfur atom shows an electron transfer to the carbon atom in all the
configurations shown.

The stability of sequential addition of OCS on the supported cluster was also
analyzed using DFT calculations. Previously, it has been seen that the cluster should
be able to bind up to 5 adsorbate molecules assuming that there are no adsorbate-
adsorbate interactions that would inhibit it. Figure 5.8 shows a total adsorption
energy plot for the consecutive addition of OCS molecules onto the surface. The
OCS will bind with Structure IV’s orientation, as it is the most stable and will
continuously add OCS molecules to the other 3 equivalent side sites and finally
occupy the top site. The n=4 to n=6 structures are shown in Figure 5.9. The binding
energy plot (inset in Figure 5.8) shows a steady decrease in the binding energy from
-0.44eV for n=1 to -0.33eV for n=5, while the addition of a 6™ molecule is unlikely as
demonstrated by the fact that it is unbound to the cluster at the end of the calculation.

Therefore, given the theoretical evidence, the supported cluster should be able to
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saturate all of its Mo sites with OCS molecules prior to dissociation or molecular
desorption.
5.3.3 Dissociation Pathway for OCS/Mo0gSs/Au(111)

Given that the relative yields of the TPD peaks indicate that dissociation is
favored over molecular desorption, and the side site is the most stable binding
configuration, it can be assumed that the side site would be the starting point for the
dissociation reaction to occur. Furthermore, while there has been evidence through
“poisoning” experiments, that the clusters are necessary for the dissociation to occur,
the question still remains as to where the sulfur atom goes at the end of the reaction
cycle. Theoretical investigations were done to ascertain the most energetically
favorable reaction mechanism for the dissociation of OCS on the supported cluster.
The lowest energy path for dissociation is shown in Figure 5.9. The relatively low
temperature at which the dissociation reaction occurs indicates that the OCS
undergoes a dissociative adsorption on the surface. The first barrier and transition
state (TS1) involves the breaking of the carbon-sulfur bond of the OCS molecule with
the CO molecule still bound to the Moss and the sulfur atom doubly coordinated
between the Mo-atom and the Au(111) surface. This first local intermediate structure
illustrates how the Au directly participates in the dissociation event by anchoring the
sulfur atom to the surface. Subsequently, once the full dissociation has occurred, the
sulfur atom migrates to the Au(111) surface (TS2) where it binds in a three-fold
hollow site with a very high binding energy of -3.54eV. In Figure 5.10 the sulfur
binding configurations have been accessed theoretically and it confirms that the sulfur

atom bound to the hollow site is the most stable (S5). Once the sulfur atom has
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dissociated from the molecule and diffused to the surface, the CO can then be
removed from the cluster with a relatively small barrier (TS3) resulting in the intact
MoSs cluster and a sulfur atom bound nearby on the Au surface. As a result of this
observation, it is now understandable why the reaction cycle does not terminate after
several runs. Because the dissociated sulfur molecule settles onto the Au surface, all
of the active metal sites are still available for further catalysis.

Figure 5.11 helps demonstrate the important role the Au substrate has in the
OCS dissociation process. Figure 5.11a shows an alternate reaction pathway in which
the sulfur atom does not bind to the Au surface to form a local intermediate structure.
Instead, the dissociation occurs with the CO occupying the Mo-top site and the S
adsorbed onto the Mo-side site. This configuration was chosen because it was the
next stable adsorption site for the dissociated sulfur atom (Figure 5.10, S3) with a
binding energy of -3.18eV. The barrier for breaking the carbon-sulfur bond is very
high with a transition state energy ~leV higher than if the dissociative adsorption
involves the Au crystal as discussed in the previous mechanism. Thus, in order for
the reaction to occur at such a low temperature as is observed experimentally, Au
must participate. Otherwise, there would be a need for an increased amount of
thermal energy to drive the reaction forward. A second transition state is not
available as the sulfur does not migrate to the surface in this pathway. As a result, the
barrier to release CO is therefore ~0.33eV higher for the mechanism in which Au is
not involved. Figure 5.11b shows the same reaction profile on an unsupported MogSs
cluster. The two energy pathways are identical. Since all of the sites on the free

cluster are equivalent, there is only one possible mechanism for dissociation. Without
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the local electronic environment of the Au surface for the sulfur atom to diffuse to,

the cluster essentially acts as a free cluster.

5.4 Summary and Conclusions

In this work we have used a combination of experiment and DFT to study the
interaction of OCS with the MogSg cluster supported on Au(l111). We observe a
unique dissociation mechanism where the Au substrate directly helps to lower
energetic barriers for the successful dissociation of OCS. The reactive surface was
prepared by the deposition of size-selected MosSg" clusters onto a clean Au(111)
surface under ultra high vacuum conditions. Thermal desorption studies of OCS on
the bare Au(111) surface show no dissociation product, only a single low temperature
peak (~125K) attributing to the adsorption of OCS on the surface. Once the clusters
were deposited, two additional desorption peaks were observed, a CO (m/e = 28amu)
peak denoting a dissociation event and another high temperature OCS peak indicating
molecular desorption from the cluster. This provided evidence that the MogSs cluster
can adsorb OCS molecularly as well as induce OCS dissociation to form S-atoms that
remain on the surface and gas-phase CO molecules. Repeated cycles of OCS
adsorption and reaction, however, did not result in a loss of dissociation activity
suggesting that the S-atoms do not bind to the Mo-atom sites of the cluster. Therefore,
“poisoning” experiments were done to ensure that the reaction mechanism was
occurring on the cluster itself and not on the Au(111) surface modified by the
clusters. The blocking of the metal sites through CO adsorption verified that the
clusters were the active sites for reaction as the OCS dissociation channel is

completely suppressed when all of the metal sites are occupied. Density functional
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theory was used to explore the reaction mechanism on the Au-supported cluster, and
the lowest energy reaction path involves OCS dissociation at a Mo-atom side site
with a barrier that is significantly smaller than that for the free cluster. The lowest
energy pathway show that the S-atom migrates from the cluster to a three-fold hollow
site on the Au(111) surface where it is most strongly bound with an energy of -
3.54eV. Furthermore, when the dissociated sulfur atom was not bound to the Au
crystal and was forced to remain on the cluster, the reaction pathway mimicked that
of the free cluster indicating that the local electronic environment of the Au(111)
crystal greatly enhances the dissociation process. The overall mechanism makes it
possible for the Mo-active sites to be free from poisoning and therefore available for
further catalysis. This is in good agreement with our experimental observations.

The reaction system described here highlights the unique interplay between
the nanocatalyst particle and its support, and also represents a rare case in which both
experiment and theory address precisely the same materials, i.e., cluster, substrate and
reactant. The ability to apply ab initio electronic structure theory to experimental
systems as complex as even a model catalyst system can provide the kind of insight

into reaction mechanisms that is hard to extract from experiment alone.
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Figure 5.1: a) TPD spectra for OCS on bare Au(111) and b) TPD spectra for OCS on
a 0.2ML coverage of MogSs on Au(111). TPD was done with a directed doser with a
backing pressure of 1 torr for 240s for bare Au and 90s for the supported cluster.
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Figure 5.2: TPD spectra of OCS reaction cycle as a function of cluster coverage on a
Au(111) surface. OCS TPD was done with a directed doser with a backing pressure
of 1 torr for 90 seconds.
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Figure 5.3: Plot displaying area of OCS desorption peak for Au and MosSs™ as a
function of cluster coverage.
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Figure 5.4: TPD spectra of OCS on 0.2ML of Mo¢Ss/Au(111) as a function of OCS
exposure time. OCS TPD was done with a directed doser with a backing pressure of
1 torr for time indicated.
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Figure 5.5: TPD spectra of *CO (saturated background dose) on 0.5ML of MoeSs on
Au(111) before and after ~15 OCS reaction cycles.
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Figure 5.6: TPD “poisoning” experiment showing no reaction after pre-dosing the
supported clusters with *CO prior to the OCS reaction cycle.
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Figure 5.7: Schematic of optimized structures for the interaction of OCS with
MOsSg/Au(l 1 1).
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Figure 5.8: Total adsorption energy plot for the sequential addition of OCS on the
MogSs/Au(111) system. Inset shows the binding energy for each OCS molecule.
Also shown are the n=4, n=5, and n=6 configurations of the OCS/MosSs/Au(111).
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Figure 5.9: Energetically favorable potential ene:gy profile for the dissociation of OCS on MogSg on Au(111).




Figure 5.10: Schematic showing the possible sites for the dissociated sulfur species
from the OCS reaction. The adsorption energies for S;-Ss are -3.00, -2.85, -3.18,
-2.75, and -3.54eV respectively.
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Figure 5.11: a) Potential energy profiles for the dissociation of OCS on (a) the MosSg
cluster supported on the Au(111) surface in which the resulting S-atom does not
migrate to the Au surface and (b) the unsupported MogSs cluster (all the Mo-sites are
equivalent for adsorption and reaction of one OCS molecule).
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Mulliken Population Analysis

MosSg/Au(111) MoeSs I I i v

MO MOtop MOSS MOtop MOSS

-1.41e | -1.21e | -1.4le | -1.21e | -1.28¢ | -1.43e | -1.28e | -1.28e¢

S -— -1.99¢ -1.52¢ | -1.37e¢ | -1.75¢ | -1.38¢
C - +0.05¢e -0.42¢ | -0.57¢ | -0.21e | -0.61¢
O - +1.94¢ +1.98e | +1.91e | +1.95¢ | +1.97¢

Table 5.1: Mulliken population charges for the structures shown in Figure 5.7 for the
interaction of OCS on the MogSg/Au(111) system.
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