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Abstract:
This thesis explores the interactions of ethylamine and the Cu(111) surface. The
main motivation behind this work is the production of acetonitrile, an incredibly useful
solvent in the pharmaceutical industry which is currently produced mainly as a byproduct
of the Sohio acrylonitrile production process. This dependency has led to shortages in the
past and so there is a need for an alternative. A preferred method would be cheap,
sustainable and proceed via a dehydrogenation reaction rather than an oxidation reaction.
Through STM and TPD data, this work suggests that the steps of Cu(111) have the ability to
anaerobically dehydrogenate ethylamine to acetonitrile at around 320 K without water on
the surface. These results also showed that there is a competing decomposition reaction
occurring on the surface at temperatures above 340 K. While the main products of this
decomposition reaction, besides hydrogen gas, remain elusive, results imply that small
amounts of ammonia and ethene form. In addition to these reactions, ethylamine forms a
rotor when bound to the Cu(111) surface. This rotor exhibits lateral repulsion with other
surface bound ethylamine molecules preventing clustering regardless of coverage or
annealing temperature. This repulsion also leads to very broad peaks when it desorbs
molecularly from the surface.
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Chapter 1: Introduction

1.1 Acetonitrile: Importance, Current Methods of Production and Concerns over
Supply
Acetonitrile is an extremely important solvent in the pharmaceutical and
biotechnology industries as well as biochemistry and molecular biology research. Due to its
unique charge distribution it is polar enough to be miscible with water but also non-polar
enough to dissolved many non-polar chemicals used in pharmaceutical synthesis process.
Acetonitrile can be mixed in many ratios with water to make solutions that have specific
overall polarities. As a result of the control available over solution polarity, acetonitrile and
water solutions can be tailored to dissolve or precipitate specific biological compounds
from complex mixtures of similar molecules. Thus they are used extensively to analyze and
purify pharmaceuticals and other biologically significant molecules via liquid
chromatography and protein precipitation. Industrial scale drug isolation via liquid
chromatography in particular requires a considerable amount of this compound and helps
explain why the pharmaceutical industry makes up the demand for over 70% of the
manufactured acetonitrile.1
In addition to its unique dipole moment, acetonitrile has numerous other
characteristics that make it an ideal solvent. First, it is not acidic and essentially inert under
the conditions imposed by most pharmaceutical industrial processes. As a result, there is
little risk of pharmaceuticals being degraded or reacting with the solvent and making side
products.1 Secondly, acetonitrile is not very toxic.2 This facilitates waste disposal, storage
and in general makes the biotechnology plants safer.
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Currently almost all commercially available acetonitrile is made as a byproduct in
the Sohio Process. Developed in the 1950’s, this is the main method of producing
acrylonitrile, a precursor to acrylic fibers.3,4 In this process acrylonitrile is created from
propylene, oxygen and ammonia via an amminoxidation reaction. Acetonitrile is created in
a complex but minor side reaction whose mechanism is unclear.5 The acetonitrile made is
either sold out of convenience or burned up to help heat other parts of the process,
depending on the plant.
The creation of acetonitrile is actually quite disadvantageous for the Sohio process.
Unlike the other side products of the process, hydrogen cyanide being the most prominent,
acetonitrile and acrylonitrile have similar boiling points. Standard distillation cannot be
used to separate these two to high purities, instead they are separated by extractive
distillation, using water as the solvent. While this method is effective, it requires and
contaminates considerable amounts of water and is energy intensive, significantly
increasing production costs.5 Thanks to this method both chemicals must also be isolated
from water at the end of the process, further increasing production costs and the price of
high purity chemicals. Additionally, while convenient because it is a side product that must
be isolated anyway, making acetonitrile from propene and ammonia is not a cost effective
method of production due to the high price of propene and relatively low selling price of
acetonitrile compared to acrylonitrile. As a result of all of this, it is in the interest of
acrylonitrile producing industries to develop was to minimize the amount of acetonitrile
made in this process meaning the supply of acetonitrile may become even more vulnerable
in the years to come.
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Passed acetonitrile shortages highlight that the supply of this compound is already
rather vulnerable. “The Great Acetonitrile Shortage,” as it has since been titled began in
2008. At this time thanks to global economic recession people were not buying products
that required acrylic fibers. As a result of this the demand for and production of
acrylonitrile fell.3 As acetonitrile is only saved for market in a handful of plants and because
only 0.03 kg of quality acetonitrile is produced per kilogram of acrylonitrile, the overall
amount of acetonitrile entering the market was very small at this time.6 Adding to the
shortage, one of the largest acrylonitrile production plants was located in Beijing, China,
the site of the 2008 Olympic Games. In order to reduce air pollution this plant was
shutdown and did not return to full production levels until quite later.3

1.2 Considerations for Alternative Methods of Acetonitrile Production
Due to the expansion of the biotech industry and the drawbacks of acetonitrile
production via the Sohio process, there is considerable need for a more cost effective
alternative to produce this compound. When considering alternative processes there are
numerous factors to keep in mind including, the cost and environmental impact of the
reagents and the cost of the catalysts used. As propylene is quite expensive due to high
demand in numerous other processes it would be ideal to begin production from a different
compound. Ethylamine is a prime candidate for an alternative starting molecule. It can be
oxidized7,8 or dehydrogenated9–11 to acetonitrile and can be produced industrially12 from
biomass-derived ethanol via reductive amination making the process sustainable.7
Determining a cheap and effective catalyst is a more difficult endeavor. The catalysts
in this reaction should be a solid heterogeneous catalyst due to the ease of separating the
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products and left over reagents from this type of catalyst. While past work has shown that
ethylamine can be oxidized to acetonitrile and water with heterogeneous catalysts and
adsorbed oxygen, a dehydrogenation reaction would be preferred as the products,
acetonitrile and hydrogen gas, can be more easily separated as they exist in different
phases at reasonable temperatures. Thus far Pt,10,13,14 Rh15, Ni11, Ru16 and carbon
containing W9 have been shown to be able to dehydrogenate primary amines; however,
many of these materials suffer from competing decomposition reactions and very high
material costs. No work has thus far examined copper’s ability to dehydrogenate
ethylamine to acetonitrile. Should copper be effective it would generate the least expensive
catalysts shown thus far as copper is less expensive then all of the aforementioned metals.
This work reports the analysis of the Cu(111) surface and examines its ability to catalyze
the dehydrogenation for ethylamine to acetonitrile and hydrogen gas via surface chemistry
techniques.

1.3 Surface Chemistry: an Eye into Industrial Processes
As the name implies surface chemistry studies surfaces and how adsorbed
molecules interact with them. As the active portion of a solid heterogeneous catalysts is its
surface, this field provides valuable insight into the mechanisms involved with catalysis.
Over 90% of all modern industrial processes use some kind of catalyst, with the majority
being heterogeneous catalysts. 17 Insight into the chemistry behind the catalysis can lead to
improvements in selectivity, activity and overall effectiveness.
Surface chemistry experiments are typically carried out on well-defined surfaces
made from cutting a single crystal of the catalytic metal in question at a specific angle. For
5

example the Cu(111) surface used in this experiment was created by cutting a copper
single crystal along a plane that intersects the x, y and z direction of its unit cell the same
distance (a) from the origin as shown in Figure 1.1.18 These types of surfaces are used to
control for defects in the surface that may influence the catalytic ability of the surface. As
many common molecules found in the air can adsorb to surfaces and influence its
chemistry, surface chemistry experiments are often carried out in ultra-high vacuum
(UHV). Under these conditions the ambient pressure around the sample is generally held at
between 10-9 and 10-12 mbar. This is achievable as the sample sits inside specially welded
stainless steel chambers that are connected to Pfeiffer brand turbomolecular pumps, as
well as ion pumps in the case of the scanning tunneling microscope.

Figure 1.1. The creation of a (111) surface. By positioning the plane so it intersects the lines of the face centered cubic
unit cell the same distance from a corner generates a (111) surface.

This work used two surface science techniques Temperature Programmed
Desorption (TPD) and Scanning Tunneling Microscopy (STM). Overall, TPD experiments
examine the catalytic ability of the surface as well as help elucidate the mechanism and
kinetics of the reaction. This technique uses mass spectrometry to detect which species
come off the surface, at a specific temperature and how they desorb from the surface. STM
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on the other hand, examines how adsorbed molecules interact with the surface. In this
work the STM was used to examine how the absorbed molecule was interacting with the
surface at certain temperatures. These techniques work very well together. TPD identifies
the exact species that are made by the surface in the catalyzed reaction and STM shows
how reactants and intermediates interact with the surface before desorption. Both of these
techniques are examined in greater detail in Chapter 2.

1.4 Surface Structure and the Unique Pathways it Makes Possible
One of the most important insights provided by surface chemistry is the location
and role of the active site of a catalytic surface. Active sites are the exact site or sites on the
surface that reduce the activation energy of a particular reaction and allow it to occur more
quickly. Speaking generally, reactions that are catalyzed by heterogeneous catalysts can be
described as surface structure-sensitive and surface structure-insensitive. The former is
affected by changes in surface topography while the latter is not. The reason for this is
heterogeneous catalysis is effected by both electronic effects and geometric effects.
Electronic effects are similar to those of classic inorganic catalysis and mainly have to do
with the metal and substrate interactions and the stability of the reagent when
chemisorbed to the surface verses free in vacuum. Geometric effects on the other hand
consider what kind of site the substrate prefers to adsorb to (on top, bridge, step, kink). Of
the four sites listed, the first two are made by highly coordinated metal atoms (atoms with
many neighbors) while the last two are made by under coordinated atoms. It has been well
established that sites made by under coordinated atoms are often more catalytic for bond
breaking reactions than their highly coordinated counterparts.19,20 For example in the case
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of Ru(0001), N2 dissociates onto the surface almost entirely via the steps because of how
much they lower the dissociation barrier. This was demonstrated by Dahl et al. who
destroyed the ability of Ru(0001) to dissociate N2 by covering the step edges with Au,
which is completely unable to dissociate N2.21 Additionally, work by Vang et al.
demonstrated that Ni(111) steps significantly reduce the activation barrier for ethylene
decomposition, as blocking them with Ag prevents the formation of a decomposed ethylene
film around the steps.22

1.5 Ethylamine on Cu(111)
This work used both TPD and STM surface science analysis techniques to examine
ethylamine on Cu(111) surfaces and how their interactions and the desorbing species
changed when the number of under coordinated sites was increased. Most past work on
copper surfaces has focused on examining the interactions of amines on oxidized copper
surfaces.8,23 The most relevant past study to this piece was the XPS experiments of Davies
and Keel, who looked at the ethylamine on Cu(211), which will be discussed more in depth
in Chapter 3.24
The goal of this work is to fill the gap in knowledge concerning ethylamine’s
interactions with the unoxidized Cu(111) surface. The results of these experiments imply
that unoxidized Cu(111) is able to dehydrogenate ethylamine to acetonitrile. This reaction
can occur on dry surfaces and appears to occur around 320 K. Additionally, the amount of
acetonitrile made decreases with each sequential TPD experiment run on the roughened
surface. Experiments with heating ramps imply this is due to the surface smoothing at the
higher temperatures rather than active site poisoning. The results of these experiments
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also imply that there is also a decomposition reaction occurring on the roughened surface.
The exact decomposition product has yet to be confirmed with TPD experiments but is
likely methane or a similar compound. As there are still molecules on kinks in steps at
temperatures well beyond the desorption temperature of acetonitrile, the steps are most
likely the sites of the decomposition reaction. This work also examined ethylamine’s other
interactions with the Cu(111) surface. STM experiments demonstrated that ethylamine
forms individual rotors on the surface. These molecules are believed to bind to the surface
via the lone pair on the nitrogen of the ethylamine and do not cluster due to lateral
repulsive interactions.

Chapter 2: Experimental Methods

2.1 Temperature Programmed Desorption/Reaction Background and Methods
Temperature programmed desorption (TPD) is a technique which examines the
temperature at which molecules desorb from the surface being analyzed. It is ideal for
examining surface catalyzed reactions as it gives insight into the products formed, the
relative amounts of each product and the temperature at which a reaction occurs. In a
typical experiment the surface is cooled to approximately 80 K and then exposed to the
molecules of interest. The amount of molecules the surface is exposed to is measured in
Langmuirs, a unit based off pressure in the chamber and time. One Langmuir is equal to an
exposure where the chamber is held at 1x10-8 mbar for 100 seconds. Another unit of
measurement is the monolayer, or the exposure required to create a saturated single layer
on the surface being analyzed. The number of molecules in one monolayer is unique to the
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surface, and adsorbate.18 After the deposition of adsorbates, the pressure is pumped back
to its background level and the sample is moved in close proximity and faced towards a
quadrupole mass spectrometer (QMS). The sample is then heated linearly and the
compounds desorb from the surface are detected by the mass spectrometer. A TPD trace is
made by plotting the rise in pressure of a certain mass against the temperature of the
surface.
The peaks in the TPD traces show where the pressure registered by the QMS rises
above the background. As the rate of desorption, or the change in coverage over time, is
directly proportional to the rise in pressure over the background given the pumping speed
is constant and high, the peaks of the traces can be integrated to determine the relative
amount of a certain species that desorbed from the surface.18,25 Additionally, because the
sample is heated linearly, by examining the shape of a peak the order of desorption can be
determined. Specifically, zero-order desorption processes yield peaks that have shared
leading edges with rapid drop offs once the maximum has been reached. First-order
desorption processes give peaks that are asymmetric, with a longer leading edge. Finally,
peaks associated with a second-order desorption process are Gaussian.25
TPD traces can also yield information about surface-adsorbate interactions,
adsorbate packing and reaction intermediates. Often TPD traces will yield multiple peaks,
providing insight into how the adsorbates interact with various sites on the surface and
how they interact with each other. Additionally, when surface catalyzed reactions are being
examined, the binding strengths of the products can be determined and evaluate
desorption or surface reaction as the rate limiting step.
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TPD experiments were performed within a stainless steel chamber with a
background pressure of at least 10-10 mbar held thanks to a Pfieffer brand turbomolecular
(turbo) pump backed by an RV5 rotary pump. This chamber was equipped with a VG
Scienta hot filament Th/Ir ion gauge used to monitor the chamber pressure as well as
Moorfield titanium sublimation pumps used to help more rapidly lower pressure. The
Cu(111) crystal sits in the center of the chamber suspended on the manipulator via
tantalum wires. This crystal has a polished circular face with a diameter of 11 mm. The
manipulator can be rotated 360° and can be moved approximately 2 cm in any direction on
the horizontal plane. The sample also has a vertical range of motion of about 5 cm.
When running TPD experiments the crystal was cooled by filling the dewar inside
the manipulator with liquid nitrogen. The crystal was heated linearly at 1 K/sec via
resisting heating by of the Ta wires. Proper linear heating was made possible by a TDK
Lamba brand Genesys 750 W Programmable DC Powersupply which was controlled by a
Eurotherm Process Control Unit. This unit measured the temperature of the crystal via a Ktype thermocouple which was inserted into a 1 mm hole on the top of the crystal and held
down by a ceramic piece. The desorbing compounds and the purity of chemicals were
analyzed with a Hiden QMS set on a 6 cm linear extender. In during a TPD experiment the
manipulator was moved as close to the QMS as possible and the liner extender was used to
more precisely minimize the distance between the crystal face and QMS. The QMS has an
offset of +0.3 amu, which is taken into account when running TPD experiments. A cartoon
the the chamber is shown in Figure 2.1.
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Figure 2.1. TPD chamber cartoon. This cartoon shows the main components of the TPD chamber used in these
experiments

The surface was cleaned before each TPD experiment, bar sequential TPD
experiments, using a cold cathode sputter gun. In a clean the surface is bombarded with Ar+
ions (1.53 kV, 10-15 µA) for 20 minutes at room temperature, 10 minutes at 570 K, and
then 10 minutes at room temperature once again. To generate smooth clean surfaces the
surface is then annealed for 10 minutes at 450 K. To generate rough surfaces this final
anneal is skipped entirely. High purity (>99.5%) ethylamine was purchased from SigmaAldrich for use in these experiments. Due to ethylamine’s low boiling point (~17°C)26 it
was treated as a gas and so the stainless steel line behind the leak valve was filled to a
consistent pressure with gas from the canister.
The areas of peaks on the traces of m/z 2 at 340 K and 41 at 320 K were integrated
and compared in this work. In order to find the area of the m/z 2 peak, the left half of the
peak was integrated and then the “half area” was doubled. This was necessary because the
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right half of the peak was a convolution of the initial peak and the second peak at 420 K.
This is justifiable because H2 desorption from adsorbed single atoms of hydrogen is
expected to be second-order and therefore desorb in a symmetric peak. In order to
accurately compare the ratios of the areas of the two peaks, the sensitivity of the QMS to
lower molecular weight compounds, the difference in ionization cross section and the
differences in fragmentation patterns all had to be corrected for. The increased sensitivity
of the QMS to lighter compounds was corrected for using a calibration graph made by
Matthew Marcinkowski and Andrew Therrien which was generated by determining the
QMS response to various noble gases. The difference in the ionization cross section was
obtained from NIST for hydrogen and from the work of Bart et al. for acetonitrile.27 Finally,
the difference in fragmentation patterns was determined from NIST for hydrogen and from
background subtracted mass profiles when acetonitrile was leaked into the chamber.

2.2 Scanning Tunneling Microscopy Background and Methods
Scanning Tunneling Microscopy (STM) reveals the topography of metallic surfaces
giving insight into the structure and location of adsorbed compounds. STM is made
possible by quantum tunneling, wherein electrons violate classical physics and move
though a barrier between very close conductive mediums. This phenomenon is only
possible if the two materials are so close that their wave functions overlap.18 As a result of
tunneling, a current can form between the two materials when a bias is applied. However
due to the need for the wave functions to overlap this current is extremely sensitive to
minuscule changes in the distance between the materials. As a result of this, by monitoring
the current the topography of the surface can be imaged down to the atom. Specifically,
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STM images are made by rastering a tip back and forth in straight line across a surface.
While going along the straight line, the tip moves up or down depending on the surface
topography and electric structure, attempting to keep the current between itself and the
surface constant. The generated a path moves up and down with the surface reflecting it. As
the tip finishes its path it moves up or down, depending on the scanning direction to start
the adjacent line and beginning a new path from there. As paths are made they are stuck
together to generate an image as shown in Figure 2.2. It is important to note that it is not
the actual physical structure of the surface that is being imaged but rather the electronic
structure. While the electronic structure is closely related to the physical structure, the two
can deviate based on the bias of the tip or sample and exact adsorbed molecules. As a result
of this, images of the same surface and same absorbed molecules can look significantly
different at different voltages. For example, Hamers et al. demonstrated that the Si(111)-(7
x 7) surface reconstruction images differently depending on the voltage bias between the
tip and surface.28 Likewise, while CO on a surface is physically protruding from the surface,
it images as a depression in the surface.29 Additionally, the condition of the tip can has a
huge impact on the image. Overall, the more atomically sharp the tip, the better the
resolution of the image. However, the condition of the tip can also cause more complex
changes in the way the molecules and atoms of the metal surface appear. This highlights a
shortcoming of STM, the appearance of an adsorbed molecule cannot always be trusted to
identify the molecule as differences in appearance may simply be due to a change in the
potential or the tip state. While the uncertainty due to changes in potential can be
minimized with good bookkeeping, the change due to tip state are impossible to control
due to instability of tips.
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Figure 2.2. Generation of STM images via electron tunneling and tip rastering. As the tip moves across the surface, it
moves up and down in order to keep the tunneling current between itself and the surface constant. This generates a line
of various heights. After a line the tip moves one line up or down and once again moves across the surface. These adjacent
lines are then put together in order to make an image of the surface which is an amalgamation of the true surface
tomography and the electric state of the surface.

STM experiments were run on an Omicron Nanotechnology low temperature
scanning tunneling microscope (LT-STM). This instrument is made of two chambers
separated by a gate valve. The LT chamber contains the microscope, a wobblestick
manipulator and a rotatable carousel used to store samples. The wobblestick is a metal rod
that is used to move surfaces between the carousel, the microscope stage and the
manipulator. Bellows around the rod give it a wide range of motion while also not breaking
UHV. The Preparation (Prep) chamber contains the sputter gun and is home to the
manipulator. The surface is scanned in the LT chamber and cleaned and prepared within
the Prep chamber. The LT chamber has a background around 10-12 mbar while the pressure
in the Prep chamber is around 10-10 mbar. These low pressures are maintained by Varian
ion getter pumps generally however a turbo pump is used when higher pressures are
needed such as during clean cycles. The Cu(111) crystal used in these experiments is
tightly bound to a Tantalum (Ta) plate using Ta foil. This plate has a tab that allows it to be
grabbed and moved with the claws of the wobblestick on the LT chamber.
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When locked, the stage is held against the side of the chamber in excellent thermal
contact with the inner dewar, a section of the cryostat used for cooling on the LT-STM. This
dewar is generally filled with either liquid helium or liquid nitrogen. Surrounding the inner
dewar is the outer dewar which is only filled with liquid nitrogen. Dewars are filled every
12 hours if they contain nitrogen or every 24 hours if they contain liquid helium. When the
surface is loaded into the stage, it is allowed to sit for 45 minutes in order to cool to 5 K or
80 K, depending on if the inner dewar is filled with liquid helium or liquid nitrogen,
respectively. In the stage, the sample can also be exposed to molecules via a high precision
leak valve using the same methods described in the previous section. When the stage is
dropped it is held by spring suspension in order to minimize the noise from the
surrounding area. In these experiments, the surface was exposed to ethylamine while it
was in the stage of the LT-STM via a leak value just as before.
Anneals between 5 K and ~300 K were performed within the LT chamber using the
wobblestick or carousel, as both of these parts of the chamber are at room temperature.
The exact anneal temperature reached by the surface was determine by how long the
sample remained out of the stage. For example, 120 K, 160 K and 300 K anneals were
performed by having the surface out of the stage and in thermal contact with the carousel
or wobble stick for 2, 5 and 30 minutes respectively. It should be noted that there is
considerable error in the anneal temperature (± 20 K) when the surface is annealed by this
method. For anneal temperatures over 300 K, the surface had to be transferred to the
manipulator and moved into the prep chamber. The manipulator and the surface loaded
into it were heated with resistive heating. The exact temperature of the surface and
manipulator was monitored with a thermocouple inside the manipulator.
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Besides annealing, the manipulator was also used to clean the surface. LT-STM
cleans were performed in the Prep chamber by Ar+ ion bombardment (1.5 kV, 10-20 µA)
using a cold cathode sputter gun as before. In a clean cycle the surface was bombarded at
room temperature for 30 minutes and then annealed for 15 minutes at 1000 K. Next the
surface was sputtered again at 1000 K for 20 minutes and then annealed at 1000 K for 10
minutes. This process generated a smooth Cu(111) surface. A roughened Cu(111) surface
was made by sputtering the crystal for an additional two minutes after the final anneal. The
surface was only sputtered from a fifth of the time in this case because if the surface is too
rough the sample becomes much more difficult to image and less information can be
gleaned from those images.
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Chapter 3: Results and Discussion

3.1 The Dehydrogenation and Decomposition of Ethylamine by the Cu(111) surface

Figure 3.1. Comparison of the reactivity of flat vs. rough Cu(111) surfaces for ethylamine dehydrogenation. (A, Left) A
90x90 nm STM image of a Cu(111) surface after standard sputtering and annealing cycles. (Right) A 50x50 nm STM image
of the same Cu(111) surface after sputtering but with no final anneal to smooth the surface. (B) TPD traces obtained after
depositing ~1 ML of ethylamine onto the smooth (left) and roughened (right) Cu(111) surfaces. The trace for m/z 41 on
the smooth surface has been magnified seven times to highlight the very small peak at 320 K. (C) The ethylamine
dehydrogenation reaction scheme yielding acetonitrile and hydrogen.
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In order to probe the reactivity of Cu(111) towards ethylamine dehydrogenation
we performed TPD experiments on both smooth and rough Cu(111) surfaces (Figure 3.1).
A side by side comparison of the clean Cu(111) surfaces before and after Ar+ ion
bombardment (sputtering) provides insight into how the reactivity of the surface is
enhanced on the rough surface. The 90x90 nm STM image of the smooth surface on the left
of Figure 3.1A shows that the majority of the surface is composed of flat terraces with a few
step edges. The 50x50 nm image on the right shows how sputtering with Ar ions without a
final annealing step leaves the surface in a very defective state with significantly more step
edges than the flat surface.
As a result of the surface roughening, the corresponding TPD traces indicate that
there is significant increase in reactivity. Starting with the signal for m/z 41 (Figure 3.1B,
black), the largest signal for the dehydrogenation product acetonitrile, on smooth surfaces
there is a very small peak at 320 K. This peak is highlighted by the double arrow and the 7x
magnification of the m/z 41 trace. On roughened surfaces this peak has grown significantly
and developed a small shoulder at 360 K. Additionally, a very small peak has appeared at
approximately 460 K. The small peaks at around 113 K and 190 K appear on both surfaces
and vary in size per experiment. They are believed to be due to a minor amount of
contamination, examined later in this section. While ethylamine also produces a significant
signal at m/z 41, the crosstalk from it was subtracted away by comparing the two traces.
Molecular hydrogen, m/z 2 (blue), is also observed evolving from both surfaces. On the
smooth surface there is a peak at 360 K and on the rough surface there are two peaks, one
centered at 340 K and the second at 430 K. The trace for Mass 30 (red), the largest signal
for the reactant ethylamine, is also changed by roughening the surface. On a smooth surface
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the monolayer desorption appeared to consist of three broad peaks. One centered at 170 K,
the next at approximately 250 K and the third at 340 K. On the rough surface on the other
hand, the monolayer produces only two peaks, one at 190 K and the other at approximately
330 K.
The significant growth of the peak for acetonitrile (m/z 41) at 320 K after
roughening the surface indicates that surface step edges on Cu(111) surface have the
ability of catalyze the dehydrogenation reaction of ethylamine to acetonitrile (Figure 3.1C).
This is consistent with past work by Vang and Honkala who showed steps on Ni(111)
reduce the barrier to dehydrogenation and decomposition of ethylene.22
This conclusion is further supported by the change in the size and desorption
temperature of the hydrogen desorption peak (m/z 2) from roughening the surface. Its
growth from a small peak to a significantly larger one is indicative of increased
dehydrogenation as peak size is proportional to the amount of hydrogen on the surface. It’s
shift in temperature from 360 K on the smooth to 340 K on the rough is also indicates this.
The dehydrogenation would likely form single atoms of hydrogen on the surface. In order
to leave as H2 they must find a match. As this pairing up can more quickly occur at higher
coverages, second order processes like this tend to occur at lower temperatures when the
coverage is higher. Thus a lower desorption temperature of H2 indicates more hydrogen on
the surface, which in turn indicates increased dehydrogenation. It should be noted
however that when the m/z 41 peak at 320 K and the m/z 2 peak at 340 K on the rough
surface are integrated and compared, the ratio is on average around 0.9. lower than the
average expected from the stoichiometry of the reaction (Figure 3.1C). This may be a result
of the competing decomposition reactions on the surface.
20

The roughened Cu(111) appears to also catalyze the decomposition of ethylamine to
other compounds besides acetonitrile. The very broad m/z 2 peaks, like the peak that
maxes out at 430 K on rough surfaces, are often indicative of this. When decomposition
occurs the molecules become many different surface bound intermediates which often all
release hydrogen to the surface at different temperatures. As a result, these individual
peaks get amalgamated into a very broad peak.

Figure 3.2. Analysis of possible products of ethylamine decomposition. (A) TPS traces obtained after exposing a rough
Cu(111) surface to over a monolayer of ethylamine. These traces, besides m/z 41, each represent an anticipated product
of the decomposition reaction and have all been corrected for cross talk from ethylamine and acetonitrile. Part of m/z 17
has been magnified and pointed out in order to highlight the very small peak present at 350 K. (B, Left) A 50x50 nm STM
image of the Cu(111) surface after being exposed to ethylamine and annealed to 450 K. (Middle) An 11x11 nm STM image
made by zooming on on the steps the image of the left. (Right) A 28x28 nm STM image of the Cu(111) surface after being
exposed to ethylamine and annealed to 700 K.

Finding the exact substances that ethylamine decomposes into was quite difficult
due to the considerable range of signals that come from ethylamine and acetonitrile. Thus
far the masses corresponding to ethene (m/z 28 and 27, light blue and orange,
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respectively), ammonia (m/z 17, magenta) and hydrogen cyanide (m/z 27, orange) have
been included among the masses analyzed coming off the rough Cu(111) surface. m/z 17
has a large peak at 170 K and a much smaller peak at 350 K. This second peak was
magnified and pointed out in Figure 3.2A. While the peak at 350 K is likely ammonia from
the decomposition of ethylamine, the cause of the peak at 160 K is unclear. Crosstalk from
water, which also produces an m/z 17 signal, was subtracted out of the m/z 17 trace of
Figure 3.2A.It is important to note that the size signal of m/z 17 was growing at the end of
the TPD experiment, which may indicate more ammonia production. Peaks on m/z 28 and
27 both occur at approximately 320 K. Their presence at the same temperature implies that
ethene is formed as it creates signals for both of these m/z ratios. While they do occur at
almost the same temperature as acetonitrile production, subtracting out crosstalk confirms
that these peaks are unique. Additionally, the peak on the trace for m/z 27 may imply
hydrogen cyanide is formed, however more traces will have to be obtained and examined
to confirm this. The peak at 260 on m/z 28 is most likely from background carbon
monoxide adsorbing onto the surface. Future experiments will also look at m/z 16 and m/z
15 to determine if methane is formed as this has been reported when examining the
decomposition of ethylamine on other transition metal surfaces. 9,11 Should methane form
it would explain why the area of the H2 peak is smaller than expected as some hydrogen is
being taken up by surface bound carbon rather than pairing up with another hydrogen.
STM images also imply that the surface is not clean after the aforementioned
products come off. After annealing to 450 K, the kink sites in the steps of the Cu(111)
surface still carried some adsorbates (Figure 3.2B) which were giving off hydrogen
according to TPD traces. Annealing even hotter with STM revealed that by 700 K, the
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surface is clean implying all substances desorbed or migrated into the bulk (Figure 3.2B,
right). Unfortunately due to limits on heating in the TPD chambers such high temperatures
could not be analyzed with TPD.
These results are somewhat inconsistent with those seen by Davies and Keel. They
examined ethylamine on a clean Cu(211) surface via X-Ray Photoelectron spectroscopy
(XPS) experiments as part of their work examining the interactions of co-adsorbed
ethylamine and carbon dioxide. They characterized ethylamine by a peak in the N(1s)
region at 400.0 eV and a peak at 286.3 eV in the C(1s) region. They saw a 2.3:1 ratio of C:N,
determined via integrating their respective peaks, on the surface which disappeared by
450 K stating that the ethylamine desorbed molecularly. Such an assertion was most likely
made because they is saw that 2.3:1 ratio of C:N on the surface, which is quite close to the
expected 2:1 ratio found in ethylamine, after each temperature rise. Their results are
particularly surprising because Cu(211) is significantly more stepped Cu(111) and so if the
previous conclusions shown by the data from this thesis are correct they should have seen
some significant decomposition or dehydrogenation. However, there are multiple
explanations as to why they believed that the ethylamine was leaving molecularly and did
not come to the same conclusions as this work. If the acetonitrile was forming on the
surface it too would most likely also yield a close to 2:1 ratio as acetonitrile too contains 2
carbons per nitrogen just like ethylamine. As a result, simply following such a ratio does
not show that acetonitrile did not form on the surface. Going further, their assertion that
ethylamine desorbs molecularly was built on a lack of peaks at 450 K and lack of spectra
between 290 K and 450 K. As dehydrogenation and decomposition reactions begin to occur
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between these two temperatures, they most likely did not see any changes until the amount
of products or intermediates was too small to detect.

3.2 Probing the Dehydrogenation Reaction

Figure 3.3. Comparison of adsorbed vs. reactively formed acetonitrile and demonstration of water free activity. (A)
TPD traces of m/z 41 after exposing the roughened Cu(111) surface to acetonitrile (top) or ethylamine (bottom). (B)
TPD traces for the reaction of ethylamine on a roughened Cu(111) surface held at 180 K during ethylamine
adsorption to insure a water free reaction. Cross talk from ethylamine has been subtracted from m/z 18.

In order to determine if the desorption temperature of the product acetonitrile (320
K) reflected the temperature at which dehydrogenation occurs or if it is the intrinsic
molecular desorption barrier, we exposed the sputtered Cu(111) surface to high purity
acetonitrile, and examining its desorption. When the sputtered surface is exposed to
approximately 0.26 L of acetonitrile, a single m/z 41 peak appears at 270 K (Figure 3.3A,
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top). This implies that intact acetonitrile desorbs from the surface at this temperature. On
the other hand when the sputtered surface is exposed to 0.26 L of ethylamine, two m/z 41
peaks appear at approximately 190 K and 320 K. The peak at 190 K is believed to be due to
contamination in the ethylamine source, as previously mentioned. The fact that the
acetonitrile resulting from the dehydrogenation reaction comes off at higher temperature
(320 K) than the acetonitrile desorbing from the rough surface after exposure to
acetonitrile (270 K) implies that the desorption of acetonitrile from the dehydrogenation is
reaction rate limited and the dehydrogenation reaction occurs at approximately 320 K.
To elucidate the role of water in the dehydrogenation reaction the sputtered
Cu(111) surface was heated to 180 K and then exposed to ethylamine. As water desorbs
from Cu(111) at about 170 K, this ensured that no water from the background adsorbed
onto the surface when dosing or when cooling.30,31 A representative TPD trace that resulted
from exposing the warmer surface is shown in Figure 3.3B. m/z 18 (green), the major
signal for water was completely absent after subtracting out the minor contribution from
ethylamine at 340 K. m/z 30 (red) formed what appears to be a very wide peak maxing out
around 340 K. However, upon closer inspection the change in the concavity of the trace at
around 280 K indicates that this trace likely contains 2 peaks, the first is smaller and
partially consumed by the second. Looking at m/z 2 (blue), we see just like before there is a
peak at approximately 350 K and a second larger peak at 425 K. Lastly, m/z 41 (black),
shows two peaks, broad one that maxes out at 190 K and one at 320 K. The peak at 190 K is
once again believed to be due to the acetonitrile contamination found in the ethylamine
source. On the other hand, the peak at 320 K is most likely due to the dehydrogenation
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reaction occurring over this dry surface. These results imply that that the dehydrogenation
reaction is capable of occurring without water.

Figure 3.4. Analysis of the relative activity of the surface after sequential experiments. The black squares show the
relative activity of the rough surface after performing TPD experiments (exposing the surface and ramping the
temperature) while the red dot shows the relative activity of the surface on the TPD performed after ramping the
temperature six times. The relative activity of TPD experiment n is equal to the area under the 320 K peak on the m/z 41
trace of TPD number n, divided by the area of that same peak on TPD experiment number 1 of that series of TPD
experiments.

The ability of this catalytic surface to resist poisoning and other forms of
deactivation was also studied as this is paramount in its real world application. Sequential
TPDs were performed on this surface in order to determine how it held up. These results
showed that the area of the acetonitrile peak in each TPD trace, a value proportional to the
amount of acetonitrile produced, decreased with each sequential TPD. From this area the
relative activity of the surface is determined to be the area of the acetonitrile peak on the
TPD in question, divided by the area of the acetonitrile peak of the first of the sequential
TPD (Figure 3.4). As over a monolayer of fresh ethylamine was provided between TPD
experiments, the difference in acetonitrile formed was not dependent on lack of substrate.
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Steps were taken in order to determine the exact cause of the fall in activity. Heat
ramps from 80 K to 383 K were run sequentially so as to mimic TPD experiments without
dosing ethylamine to the surface. After 6 ramps, the surface was exposed to ethylamine and
a true TPD was run and the area of the relative activity was compared to the relative
activity of the surface after six true TPD experiments. These experiments showed that the
activity of the relative activity of the surface still decreases even when no ethylamine is
deposited on it. This implies that the surface bound molecules known to be in kinks in steps
in STM images (Figure 3.2 B, left) are not impeding the reaction significantly but rather the
activity is falling because the surface is becoming less stepped as each TPD experiment
smoothens the surface more and more. The fact that the relative activity of the surface after
only performing heating ramps is smaller than the relative activity after doing true TPD
experiments is very surprising. However, it is still too early to draw conclusions as to the
implications of these results as only one sequential heating ramp experiment has been
performed successfully.
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3.3 Ethylamine on Cu(111)

Figure 3.5. Uptake of ethylamine and STM images showing a distribution of the molecules indicative of inter-molecule
repulsion. (A) TPD traces of ethylamine (m/z 30) at various surface coverages. (B, left) A 90x90 nm STM image of
ethylamine the smooth Cu(111) surface. (B, right) A zoomed in 5x5 nm image of the ethylamine on the smooth Cu(111)
surface. (C) The model of predicted surface binding and lateral interactions between single ethylamine molecules,
showing the dipole with the arrow and the repulsion with red lines.

Ethylamine’s other interactions with the Cu(111) surface were also analyzed in
depth. The smooth Cu(111) surface was exposed to between 3 L and 0.035 L of ethylamine
generating an uptake curve, part of which is shown in Figure 3.5A. Analyzing this curve, it is
clear that one monolayer is equal to approximately 0.26 L of ethylamine. Any larger
exposures result in a single multilayer peak at approximately 115 K that grew upon higher
exposures without saturating. A full monolayer of ethylamine desorbed as a very broad
peak that ranges from 150 to 450 K and grew incrementally.
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STM images of the surface also elucidated how ethylamine molecules adsorb to and
interact on the Cu(111) surface. Ethylamine molecules tended to never cluster together
regardless of the coverage or the temperature they were annealed to while on the Cu(111)
surface. Instead, each individual molecule formed what appeared to be a 6-lobed rotor
structure (Figure 3.5B, right). These rotors could not be moved with voltage pulses or using
the STM tip. Ethylamine on Cu(111) is believed to bind through the lone electron pair on
the nitrogen atom when it first chemisorbs to the surface, as primary amines do on
Pt,10,14,32 Ni,11 Rh,15 and Ru.16 When bound like this, the ethyl group appears to be able to
freely rotate about with the nitrogen in the center serving as the axis of rotation.
An explanation, for why the ethylamine molecules do not seem to cluster on the
surface would be dipole-dipole repulsion, modeled in Figure 3.5C. The electronegativity of
the nitrogen atom concentrates the negative charge of the molecule to the bottom while the
top receives a partial positive charge. As the molecules are all bound to the surface in the
same way, the negative charges sit near each other generating repulsion between the
surface species. This repulsion would also explain the broad ethylamine peaks observed in
the TPDs. As more molecules leave the surface, the remaining adsorbed ethylamine become
more stable as there are less repulsive forces acting on them. Thus the remaining
ethylamine molecules leave the surface at higher temperatures than their predecessors
making the peak extend over a large temperature range. The low pumping rate of
ethylamine in UHV also contributes to the very broad peaks. Yokoyama et al. also saw
widely dispersed adsorbates that refused to cluster regardless of coverage when they
deposited the dipolar complex tris-(2-phenylpyridine)iridium(III) onto Cu(111) surfaces.
Via extensive measurements on STM images and modeling they concluded that the reason
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for this was also dipole-dipole repulsion between surface bound adsorbates in the same
orientation.33 Further insight into this phenomenon can be provided by the work of
Fernandez-Torrente et al. who showed that as tetrathiafulvalene binds to Au(111) surfaces
via one of its sulfur atoms a dipole is made as a partial negative change is made around the
Au-S bond while the rest of the molecule becomes slightly positively charged. This
interaction may be similar to what is occurring with ethylamine.34 While generally the
dipole on ethylamine is not expected to be very large, as ethylamine chemisorbs to the
surface with the lone pair, a dipole may be formed and may be causing the repulsion seen
in the STM images.

3.4 Contamination in Ethylamine Source and Steps Taken as a Result

Figure 3.6. Analysis of the effects of co-adsorbing ethylamine and acetonitrile on a rough Cu(111) surface. (Pink and
Grey) The TPD trace was generated by exposing the rough Cu(111) surface to 0.27 L of acetonitrile and over a monolayer
of ethylamine. (Red and Black) The TPD trace generated from exposing the rough Cu(111) surface to over a monolayer of
ethylamine.

An unfortunate revelation of these experiments was that the source for ethylamine
contained very small amounts of acetonitrile. This is believed to be due to the fact that the
high purity ethylamine used in these experiments was likely produced by hydrogenating
high purity acetonitrile. Thus the acetonitrile in the source was the remainder that escaped
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hydrogenation. Due to ethylamine’s room temperature boiling point it could not be put into
a dosing tube and cryo-pumped while dosing for fears of the glass tube exploding.26 As a
result of this it was necessary to demonstrate that the m/z 41 peak at 320 K was actually
due to acetonitrile produced from dehydrogenation rather than simply acetonitrile from
the source that remained on the surface to a higher temperature due to an interaction for
ethylamine. Additionally, it became necessary to show that m/z 41 peaks at lower
temperatures around 118 K and 180 K were simply from acetonitrile contaminating the
ethylamine source. These goals were accomplished by exposing the cooled stepped surface
to acetonitrile and then ethylamine immediately afterwards. However it should be noted
that switching the order each chemical was exposed to the surface appeared to have no
significant impact on the resulting TPD trace. Looking that the resulting trace, and
integrating the areas under the m/z 41 peak at 320 K with acetonitrile (pink) and without
acetonitrile (red), it is clear that with additional acetonitrile on the surface the size of the
peak at 320 K does not change. On the other hand at 180 K, the peak on the pink trace (with
acetonitrile) widens considerably eventually producing what appears to be a multilayer at
119 K. The fact that the peak at 180 K grows when acetonitrile is added suggests that the
acetonitrile that desorbs at that temperature is inherently in the source rather than the
product of a surface catalyzed reaction. Additionally, it is interesting to note that when
ethylamine is on the surface, the acetonitrile on the surface from exposure always desorbs
by 200 K rather than sticking around until 270 K, as is the case when a clean surface is
exposed to acetonitrile, as shown in Figure 3.3A, top.
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Chapter 4: Conclusions

4.1 Summary
This work studied the interactions of ethylamine with Cu(111) surfaces via the
surface analysis techniques TPD and STM. The results of these experiments imply that the
step sites of Cu(111) surfaces have the ability to dehydrogenate ethylamine to acetonitrile.
As a result of this finding, with proper engineering there is a chance that highly stepped
copper surfaces, such as copper nanoparticles, could anaerobically dehydrogenate
ethylamine to acetonitrile. This process would be sustainable, as ethylamine can be derived
from sustainable biomass, inexpensive, due to coppers low cost, and could be quite
valuable if there is another global economic recession or if the Sohio process becomes more
selective. This work went further and showed that the dehydrogenation reaction occurs at
about 320 K on rough Cu(111) and can occur without water on the surface.
The competing decomposition reaction was also explored marginally. Results of this
analysis hinted that very small amounts of ammonia and ethylene are made by the surface.
However, the major decomposition products, besides hydrogen must still be determined.
Analysis of surface with STM at temperatures after acetonitrile desorption also imply that
there are even more decomposing substances on the surface at temperatures even higher
than those that can be reached with our TPD set up. In attempting to look at the longevity
of this catalyst, sequential TPD experiments suggest the surface is not poisoned by
decomposing compounds but rather falls in activity for dehydrogenation after sequential
TPD experiments was due to the surface flattening at the higher temperatures.
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This work also took a fundamental look at ethylamine’s interactions with Cu(111).
On the surface, a monolayer of ethylamine makes a broad peak as it desorbs. This peak is
broad due to the slow pumping speed of ethylamine as well as the fact that there appears to
be lateral repulsion between adsorbed ethylamine molecules. This repulsion also prevents
the ethylamine molecules from clustering regardless of the coverage or the anneal
temperature. Instead the ethylamine form rotors on the surface, where the ethyl group
rotates around the N. The lateral repulsion is believed to be due to a dipole created when
the substance chemisorbs to the surface.

4.2 Future Experiments
There is still much work to be done in the analysis of this system. First and foremost,
the reason the ratio between the H2 peak and the acetonitrile peak is significantly less than
2:1 must be elucidated. As the current theory is that some of the surface bound hydrogen is
taken by surface bound carbon to make methane, more TPS experiments will have to be
run examining mass 15 and 16 to determine if methane comes off the surface or if some
other compounds are involved.
In addition to this, more sequential TPD experiments will have to be run in order to
get a more substantial understanding of how having decomposing compounds on the
surface before it is exposed to ethylamine effects the relative activity. Thus far only a single
experiment has successfully mimicked TPD heating ramps without actually contaminating
the surface. Many more will be necessary into order to determine the variation in relative
activity inherent to these experiments.
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Finally, the lateral repulsion between ethylamine groups should be looked at more
in depth. The work of Yokoyama presented many ways to quantify the repulsion between
adsorbates from STM and future work will certainly attempt to use some of these same
techniques to look at the lateral repulsion between ethylamines in Cu(111).33

Chapter 5: References
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)
(25)

McConvey, I. F.; Woods, D.; Lewis, M.; Gan, Q.; Nancarrow, P. Org. Process Res. Dev.
2012, 16 (4), 612–624.
Sigma-Aldrich. Acetonitrile SDS; Saint Louis, MO, 2016.
Majors, R. E. LCGC North Am. 2009, 27 (6), 458–471.
American Chemical Society: A National Historic Chemical Landmark. Warrensville
Heights, OH September 1996, pp 1–8.
Dimian, A. C.; Bildea, C. S. Acrylonitrile by Propene Ammoxidation; 2008.
Griffing, E.; Overcash, M.; Lyhrs, M. Chem. Life Cycle Database 1999.
Corker, E. C.; Mentzel, U. V; Mielby, J.; Riisager, A.; Fehrmann, R. Green Chem. 2013, 15
(4), 928–933.
Davies, P. R.; Edwards, D.; Parsons, M. Surf. Sci. 2007, 601 (15), 3253–3260.
Pearlstine, K. A.; Friend, C. M. J. Am. Chem. Soc. 1986, 108, 5837–5842.
Waluyo, I.; Krooswyk, J. D.; Yin, J.; Ren, Y.; Trenary, M. J. Phys. Chem. C 2013, No. 117,
4666–4679.
Gardin, D. E.; Somorjai, G. a. J. Phys. Chem. 1992, 96 (23), 9424–9431.
Hayes, K. S. Appl. Catal. A Gen. 2001, 221, 187–195.
Waluyo, I.; Krooswyk, J. D.; Yin, J.; Ren, Y.; Trenary, M. ChemCatChem 2012, 4 (8),
1075–1078.
Bridge, M.; Somers, J. Vacuum 1988, 38 (4–5), 317–320.
Hwang, S. Y.; Kong, A. C. F.; Schmidt, L. D. J. Phys. Chem. 1989, 93, 8334–8343.
Sasaki, T.; Aruga, T.; Kuroda, H.; Iwasawa, Y. Surf. Sci. 1991, 249 (1–3), 347–353.
Hagen, J. Industrial Catalysis, 2nd ed.; WILEY-VCH Verlag GmbH & Co. KGaH:
Weinheim, Germany, 2006.
Attard, G.; Barnes, C. Surfaces; Oxford University Press: New York, 1998.
Liu, Z. P.; Hu, P. J. Am. Chem. Soc. 2003, 125 (7), 1958–1967.
Somorjai, G. A. J. Mol. Struct. 1997, 424 (97), 101–117.
Dahl, S.; Logadottir, A.; Egeberg, R. C.; Larsen, J. H.; Chorkendorff, I.; Törnqvist, E.;
Nørskov, J. K. Phys. Rev. Lett. 1999, 83 (9), 1814–1817.
Vang, R. T.; Honkala, K.; Dahl, S.; Vestergaard, E. K.; Schnadt, J.; Lægsgaard, E.;
Clausen, B. S.; Nørskov, J. K.; Besenbacher, F. Nat. Mater. 2005, 4 (2), 160–162.
Lin, Y.-S.; Wang, C.; Yang, C.; Lin, J.-S.; Kuo, C.; Lin, J. J. Phys. Chem. C 2008, 112 (22),
8304–8310.
Davies, P. R.; Keel, J. M. Surf. Sci. 2000, 469 (2–3), 204–213.
Kolasinski, K. Surface Science, 3rd ed.; John Wiley & Sons Ltd.: West Sussex, UK, 2012.
34

(26) Sigma-Aldrich. Ethylamine SDS; Saint Louis, MO, 2015.
(27) Bart, M.; Harland, P. W.; Hudson, J. E.; Vallance, C. Phys. Chem. Chem. Phys. 2001, 3 (5),
800–806.
(28) Hamers, R. J.; Tromp, R. M.; Demuth, J. E. Phys. Rev. Lett. 1986, 56 (18), 1972–1975.
(29) Tiwari, R. K.; Otálvaro, D. M.; Joachim, C.; Saeys, M. Surf. Sci. 2009, 603 (22), 3286–
3291.
(30) Bange, K.; Döhl, R.; Grider, D. E.; Sass, J. K. Vacuum 2002, 33 (10), 757–761.
(31) Hinch, B. J.; Dubois, L. H. Chem. Phys. Lett. 1991, 181 (1), 10–15.
(32) Hwang, S. Y.; Seebauer, E. G.; Schmidt, L. D. Surf. Sci. 1987, 188 (1–2), 219–234.
(33) Yokoyama, T.; Takahashi, T.; Shinozaki, K. Phys. Rev. Lett. 2007, 98 (206102).
(34) Fernandez-Torrente, I.; Monturet, S.; Franke, K. J.; Fraxedas, J.; Lorente, N.; Pascual, J.
I. Phys. Rev. Lett. 2007, 99 (17), 1–4.

35

Acknowledgments:
Three-ish years ago Charlie took a chance on a freshman who didn’t even know
what CV stood for and though the STM was for looking at cells and tissues. By doing this
Charlie exposed me to the world of research, a world of late nights, failures and wobble
sticks I’m not allowed to touch but also one of small successes, good data and amazing
people. Charlie, I have been honored and have had a really fun time working for you these
last few years. You have always been there to guide me in my experiments and
interpretations of results and have really helped me through this whole graduate school
and figuring out my life thing. I have learned an incredible amount thanks to your guidance
and cannot thank you enough for both raising me to be a decent scientist and for being a
chill friend I can talk to about life.
I would also like to thank Professor Arthur Utz for his tremendous help these last
few months. The story in my lab is that I’m cursed because every instrument I go on breaks
randomly. This thesis would not have been possible if not for Professors Utz and the Erics’
skill and creativity in repairing UHV and endless supply of everything we need exactly
when we need it, thermocouples in particular. On the topic of repairs I would also like to
thank Larry Aulenback for giving me so much guidance on my building projects and new
ideas for ways to fix chamber.
I work with some of the best graduate students and post-docs at this school all of
whom I am fortunate to call my friends. I’d like to thank Andy Therrian first. You were the
first to teach me the basics of surface science and to be honest the first person I could really
call a friend in this lab. I’ve been so happy to work with someone so intelligent, curious and
just an all around great guy. You have picked me up when I’m down on numerous
occasions. Next I’d like Felicia Lucci. You not only taught me how to use the VT but have
also been an incredible person to get to know over these last few years. Matthew
Marcinkowski, you taught me how to run TPDs and have really helped raise me to not only
be a through scientist but to one who is sure to take it easy and have a life outside of lab
and work. I’d also like to thank Natalie Wasio. You have always been there to answer my
questions, give me work to do in lab, and have been my partner in our eternal battle against
the countit program.
I would also like to thank Alex Pronschinske, Zhitao Wang and Amanda Larson, all of
you have helped guide me through my research and career goals. Ben Coughlin, being able
to talk about bio-stuff in our physical chemistry lab has been a treat and I am always
interested to hear about your work. Matthew Uhlman, Dipna Patel and Alex Schilling, I am
so happy you guys joined the lab. You all help me laugh and relax because you are so nice to
me and I can’t wait to see where you guys go! Paul Kress, Ryan Hannagan, Laura Cramer
and Tedros Balema, I haven’t known you guys for very long but you all are great. It’s a long
road ahead for all of you but you chose a fantastic lab to join for it. There are many more
people outside of lab who love me, have raised me to be what I am today and have kept me
sane. However, I will be reserving this page to those in my lab because I know that no one
but them will ever read this thesis.
Thank you all.

36

