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Abstract 

 The effect of both chain length and temperature on the reactivity of alkanethiolate self-

assembled monolayers (SAMs) with atomic hydrogen was studied via direct imaging of the 

surface throughout the reaction.  These images were obtained with a ultra-high vacuum scanning 

tunneling microscope (UHV-STM) with a thermal gas cracker allowing for in situ exposure to 

atomic hydrogen.   

For a series of alkanethiolate SAMs 8- to 11- carbon atoms long (8C-11C), it was found 

that small increases in chain length caused disproportionately large decreases in reactivity at 

room temperature.  This reaction progression was described by an exponential function with two 

rates: a slow rate for hydrogen reacting with standing-up phase, which is dependent on chain 

length, and a fast rate for low-density phase reactions, which is the same for all samples.  

Additionally, with the ability of the STM to observe molecular-scale changes in surface 

morphology, chain-length dependent changes in the sample were seen.  For the shorter chain 8C 

and 9C samples, there was a significant growth in the average etch pit area over the course of the 

reaction, while few changes were seen in the 10C and 11 C samples. 

 For decanethiol, it was found that decreases in the temperature of the SAM during 

exposure to atomic hydrogen caused corresponding decreases in the rate of the reaction.  

Additionally, it was found that between 250 K and 270 K the alkanethiolate molecules became 

immobile on the surface.  The reaction at 270 K appears to proceed via the same pathway as at 

room temperature, while during the reaction at 250 K the surface evolves in a new manner.  The 

same two-rate model was applied to the temperature-varied reactions.  At 270 K and 290 K the 

model described the reactivity relatively well, suggesting that lowering the amount of thermal 



x 

 

energy available in the SAM by lowering the is energetically equivalent to raising the 

intermolecular forces by increasing the chain length.  When applied to the 250 K experiment, the 

model seems to describe the initial reactivity, when the slow rate dominates, but poorly describes 

the later, faster parts of the reaction, probably due to the lack of alkanethiolate mobility. 
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Chapter 1: Introduction 

 Gas-surface reactions are a broad class of reactions describing any case where a molecule 

from the gas phase impinges upon and reacts with a solid surface.  They form the basis for the 

degradation or passivation of different types of materials.  Treatment with reactive oxidizing 

gaseous compounds such as ozone and chlorine dioxide is used to disinfect surfaces.  Our lab has 

studied the reaction of atomic oxygen with nerve agent simulants to investigate the possibility of 

decontamination with reactive gas species after a chemical attack.
1,2

  Collisions of gas-phase 

molecules with surfaces is an extremely frequent occurrence: at room temperature and pressures, 

atmospheric gasses collide with a square centimeter of surface approximately 10
24

 times per 

second.  Most of these reactions, of course, result in the gas molecules reflecting from the 

surface without reaction.  Occasionally, however, reactive gas species can react with surfaces. 

 The gas-surface reactions taking place in environmental conditions are complicated by 

the sheer number of collisions taking place from many different molecules, as well as the 

heterogeneity and poor characterization of most surfaces.  In this thesis, I will describe two sets 

of experiments to study a certain type of gas-surface reaction, under much more controlled 

conditions than is typical under atmospheric pressure and ambient conditions. 

 In the following chapters, I will discuss experiments to study the reaction of atomic 

hydrogen (H) with alkanethiolate self-assembled monolayers (SAMs).  These experiments are 

conducted under ultra-high vacuum (UHV) conditions, in order to minimize unwanted gas 

collisions with the surface.  Alkanethiolate SAMs are a well-characterized and extensively 

studied systems, which form ordered surfaces,  creating a less complicated system to study the 

interaction of actomic H with an organic surface. 
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 The remaining sections of this chapter serve as an introduction to the type of reaction that 

I have studied: atomic hydrogen reacting with alkanethiolate SAMs; the surfaces that I studied: 

SAMs; and the primary technique used to study these reactions: scanning tunneling microscopy 

(STM).  In Chapter 2, I discuss the details of the instruments used in carrying out these 

experiments, as well as the mechanics of processing the data and building a model to explain the 

data.  In Chapter 3, I go over the first set of experiments that we conducted to investigate the 

reaction of hydrogen atoms with alkanethiolate SAMs.  In these experiments, we expose 4 

different alkanethiolate SAMs of increasing thickness to atomic hydrogen, and monitor the 

course and rate of the reactions with STM.  Finally, in Chapter 4 I describe experiments 

undertaken at different temperatures with a single type of alkanethiolate SAM, to better 

understand the mechanism of the reaction and to measure the effects of temperature on the rate 

of reactivity. 

 

1.1 Gas-Surface Reactions of Alkanethiolate SAMs  

 The reactions of reactive gases with organic layers is an important degradation 

mechanism in organic layers.  These reactions may change the physical and chemical properties 

of the layers, which may be detrimental to the purpose of the organic layer.  These gas-surface 

reactions may be quite complex, with multiple reactive species creating a multitude of possible 

products.  Studies of simplified, model layers reacting with a variety of reactive gas species have 

been conducted to give insight into their reactivity
3–10

. 

Thiolate self-assembled monolayers (SAMs) form well-ordered, well-studied, tunable 

organic surfaces.  For these reasons, SAMs make good model systems for studying a variety of 
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reactions on and with different organic surfaces, including the reaction of reactive gases with 

organic surfaces.  SAMs and other organic layers are also sometimes used in order to passivate a 

reactive surface towards gas species.
11

  The reactions of SAMs and other thin organic layers with 

atomic hydrogen
12

, atomic oxygen
13–16

, atomic chlorine
5,17

, and other reactive species
6
 have been 

studied in some detail, and the work presented in this thesis continues the study of reactions 

between atomic hydrogen and alkanethiolate SAMs. 

 Atomic hydrogen, chlorine, and oxygen react with alkanethiolate SAMs via different 

mechanisms.  The oxygen and the chlorine, being comparatively large atoms, cannot penetrate 

far into the organic layer of the SAM.  Therefore, they react with the alkane tails of the SAMs 

via radical hydrogen abstraction, eventually giving rise to various cross-linking reactions and 

slow erosion of the organic layer.  Atomic hydrogen on the other hand is a smaller atom, and has 

a considerably easier time penetrating into the ordered alkane chains of the standing-up phase. 

 The reaction of atomic hydrogen with alkanethiolate SAMs was studied by X-ray 

photoelectron spectroscopy (XPS) by Fairbrother and his co-workers, who investigated the rate 

and mechanism of reactivity.
12

  They found that for relatively short chain alkanethiolate SAMs, 

with 12 carbon atoms or fewer, the predominant reaction pathway is for the atomic hydrogen to 

make its way down to the gold surface, and hydrogenate the sulfur atom of the alkanethiolate, 

breaking the gold-sulfur bond.  The alkanethiol then leaves the surface intact.  For alkanethiolate 

SAMs with longer alkane chains (16 carbons or greater), very few hydrogen atoms are able to 

reach down all the way to the gold surface.  Instead, they react with the alkane chains via 

hydrogen abstraction, similar to how the atomic oxygen and chlorine does even with short-chain 

alkanethiolate SAMs.  This reaction pathway is much slower than the hydrogen recombining 
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with sulfur at the surface.  The exact chain length at which the reaction pathway shifts from 

primarily being at the gold-sulfur bond to being along the alkane backbone is unknown, 

occurring somewhere between 12 and 16 carbon atoms in length. 

 The XPS studies of these systems are powerful ways of understanding the reaction of 

atomic hydrogen with alkanethiolate SAMs.  However, they are limited in that they only give 

information about the surface as an average over a macroscopic area.  SAMs, though they order 

into well-defined crystal domains, do have defects, grain boundaries, etch pits, and step edges on 

the underlying substrate, creating a non-uniform surface on the nanometer scale.  We might 

expect that the reaction of atomic hydrogen will react differently at defect sites, rather than on 

well-ordered domains.  In order to track the reaction of gas species with SAMs on this very local 

scale, scanning tunneling microscopy is used to image the surface as the SAM reacts and is 

removed. 

 A series of experiments by Kautz and Kandel and their co-workers have elucidated the 

general course of the reaction of an alkanethiolate SAM with atomic hydrogen.
16,18–21

  This may 

be seen in our work in Chapter 3, where Figure 3.1 shows the progression of an alkanethiolate 

SAM under increasing exposure to atomic hydrogen.  The first visible signs of reactivity are seen 

by a widening of the grain boundaries.  Eventually, larger patches of area where the standing-up 

phase has been removed become visible, and appear topographically lower.  As these patches of 

not-standing phase grow, domains of lying-down phases can sometimes be seen within them.  

The reacted areas grow larger and link up, eventually leaving large areas of reacted SAM 

surrounding patches of remaining standing-up phase.  These patches shrink, and eventually 

completely disappear.  As this happens, small gold islands begin to appear on the surface.  These 
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are the former gold-adatoms that were incorporated into the SAM.  After enough of them have 

been liberated by the reaction of their attached thiol molecules, they coalesce with each other on 

the surface.
19

 

 Some observations can be made about this reaction based on the images.  It certainly 

appears that the reaction of atomic hydrogen with a SAM preferentially takes place at defects 

such as grain boundaries and etch pits.  It is these areas that show the earliest signs of reaction.  

This would also explain the changing rate of the reactivity.  As the SAM becomes more and 

more reacted, the rate at which it continues to react increases.  This makes sense, as the surface 

becomes more defected as the reaction progresses, presumably opening up more sites for further 

reaction to occur.  However, some qualifications must be made in describing the reaction in this 

way.  At room temperature, alkanethiolate molecules on a gold surface are mobile.
22

  This 

explains, for example, why as the density of the SAM is reduced throughout the reaction, some 

of the molecules form lying-down phase.  It also means that it’s possible that some alkanethiolate 

molecules that are in a pristine standing-up phase are in fact reacted, and then the remaining 

molecules rearrange to close the gap left by the departing molecule, and minimize the overall 

energy.  However, there are several pieces of evidence, as discussed in the following two 

chapters, that convinces us that most of the reactivity does indeed take place at defected sites on 

the SAM. 

 Insight into the reactivity of SAMs can also be gained by examining the temperature-

dependence of reaction rates and pathways.  At lower temperatures, the alkane tails of the SAM 

should have reduced thermal motion, and should form a more well-ordered crystal in the 

standing-up domains.  Additionally, at a certain temperature, the thiolate molecules on the 
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surface should become immobile, which would give a much clearer picture of exactly how the 

reaction occurs.  Within our lab in the past, some investigation was done on the rate of reactivity 

of atomic oxygen with several alkanethiolate SAMs at different temperatures.
23

  Unsurprisingly, 

the rate of reaction with both 11-carbon and 16-carbon alkanethiolate SAMs decreased as the 

temperature was lowered from room temperature to 150 K.  More surprisingly, the effect that 

temperature had on the two SAMs was not the same magnitude.  The rate of reaction with the 11 

carbon SAM decreased only modestly, while the reaction with the 16 carbon SAM was nearly 

completely shut down.  It was thought that even though the amount of thermal energy was 

reduced, the 11 carbon SAM still exhibited some disorder even at the lower temperature, while 

the 16 carbon SAM, featuring stronger van-der-Waals forces between individual molecules, 

froze into a much more perfect crystal.  Chapter 4 explores the effect of temperature on the 

reaction of atomic hydrogen with alkanethiolate SAMs. 

 

1.2 Alkanethiolate Self-Assembled Monolayers 

 All of the experiments described in this thesis are conducted on alkanethiolate self-

assembled monolayers (SAMs) on the (111) face of gold.  Thiolate SAMs are extremely well-

studied systems, and have been used in a variety of applications where a chemically adhered 

surface with well-defined structure is desirable.  The properties of thiolate SAMs can be 

modified by changing the nature of the molecular group on the thiol, making a system that 

allows for tunable modification to surface properties.  These properties that can be controlled 

include reactivity, wetting, adhesion, and photoactivity. 
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 Alkanethiolate SAMs were first described in 1983
24

, just a few years before the first STM 

was invented.  Since then, scanning tunneling microscopy has been one of the primary (though 

certainly not exclusive) techniques used to investigate them.  The molecular structure of SAMs 

was extensively studied by STM, as has been their mechanism of formation, their stability, and 

phase diagrams at different densities
22,25–30

. 

 Thiolate SAMs consist of a sulfur group, which bonds to the gold surface, and a carbon 

tail that sticks away from the surface.  In the case of alkanethiolate SAMs, the tail is just an 

alkane group that may be different lengths (ethanethiol, octanethiol, octadecanethiol, etc.), 

though various functional groups may also be incorporated into the tail to change the properties 

of the surface.
31–35

 

 Alkanethiolate SAMs form several distinct phases on the gold surface, depending on the 

density of thiol molecules on the surface as well as the method of preparation.  The most dense 

phase is a close-packed hexagonal structure, the √3×√3 phase, which sometimes shows a 

c(4×2)R30
o
 superlattice.  The formation of this phase is self-limiting, meaning that surfaces 

covered in this phase are easily formed via solution deposition of thiols on to gold, or vapor-

phase deposition, assuming that the gold is exposed to the thiolate long enough for it to fully 

form this phase.  The alkane tails in this phase pack together and are tilted ~ 32
o
 from the surface 

normal, which gives the highest degree of contact between the tails and the strongest adhesion 

due to van der Waals interactions between the alkane tails (Figure 1.1).  There are three 

degenerate directions on the Au(111) surface, and therefore three degenerate possible directions 

for the alkane tails to be tilted. 

 



8 

 

 

[Figure 1.1] (Top) An STM image showing a domain of close-packed standing phase of a 

decanethiolate SAM.  Grain boundaries are seen separating the area from neighboring domains.  

(Inset) An enlarged area of the standing phase, showing the hexagonal structure.  The 

c(4×2)R30
o
 superlattice  can also be seen faintly.  (Bottom) Diagram showing an alkanethiolate 

SAM with the alkane tails tilted relative to the surface normal in order to achieve a more 

favorable packing.. 
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 When the thiol molecules form the standing-up phase on the surface, they organize into 

domains, separated by boundaries from other crystal domains where the alkane tails lie in a 

different direction.  Separating the domains are domain boundaries, and at the intersection of 

domain boundaries there are gold vacancy islands, or etch pits, which consist of small areas that 

are one atomic step height of gold lower than the surrounding atomically flat terrace.  The sizes 

and density of both the alkanethiolate domains and the etch pits vary based on the method used 

to prepare the SAM, as well as any annealing conditions.  In general, the etch pits are roughly 

circular and have diameters on the order of 5 nm.  The standing SAM domains are on the order 

of 20 nm across, with domain boundaries that are often fairly straight, especially when the SAM 

is formed by vapor deposition.
18

 

 Historically, there has been some debate about the structure of the gold surface under a 

SAM, and how the etch pits are formed.
36–45

  It now appears that gold atoms are removed from 

the surface when thiol molecules bond to the substrate, and become incorporated into the SAM.  

Work by Kautz and Kandel showed that gold atoms are incorporated into the standing-up phase 

of the SAM at a ratio of one gold atom to two thiol molecules.
18,19

  There are a number of 

proposed models for the exact structure, but it suffices to say that this is the origin of the etch pit 

formation, and also that when the thiol molecules are removed, as is done in the work presented 

in this thesis, these gold adatoms are re-deposited onto the surface. 

 When alkanethiolate molecules exist on a gold surface at densities lower than that of the 

standing-up phase, several different lower-density phases form.  In these phases, the alkane tails 

do not stand up away from the surface, but instead lie on the gold surface.
28,29

  The sulfur head 

groups associate with each other and form lines on the surface, so these phases are referred to  as 
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lying-down or striped phases.  These lying-down phases can be prepared by depositing fewer 

alkanethiol molecules onto the gold surface during formation of the SAM (by solution deposition 

from a very dilute solution
46

, or vapor deposition for shorter periods of time).  They can also be 

formed by starting with a surface covered in standing-up phases, and removing some of the 

alkanethiolate molecules via heating, or reaction with atomic hydrogen
20

, as I describe later in 

this thesis. 

 

1.3 Scanning Tunneling Microscopy 

The principle technique used for obtaining data in the experiments presented in this thesis 

is scanning tunneling microscopy (STM).  Since its invention in 1982
47

, STM has rapidly 

become a favorite and powerful technique for investigating conductive surfaces.  STM images a 

surface on an atomic scale, allowing for investigation of single-molecule phenomena, unlike 

most traditional surface-science techniques that give ensemble information about a surface
48–50

. 

STM relies on the principle of quantum tunneling to probe the electronic structure and 

create images of the surface.  A small electrical potential is applied between the surface and the 

tip, and the tip is held close to the surface (within several angstroms).  The vacuum or gas 

between the tip and the sample has a much higher electrical potential than the metal surface and 

tip, and so classically, current flow is forbidden, even though there is a difference in potential.  

However, in quantum systems the electron’s wave function remains non-zero even in classically-

forbidden areas, meaning that the electrons will tunnel from the area with lower voltage to the 

area with higher voltage, across the gap.  Figure 1.2 contains a simplified schematic of the 

electrical circuit used for STM. 
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[Figure 1.2] (Top) A simplified electrical diagram of quantum tunneling in the STM.  A bias 

between the sample and the tip causes electrons to tunnel over the vacuum gap.  The small 

current is converted to a voltage with a current-sensitive preamplifier that is read by the 

instrument control and used for the constant-current feedback loop.  (Bottom) An energy 

diagram of the tunneling junction with a negative bias applied to the sample. 

 

The rate of electron tunneling can be found using the Wentzel-Kramers-Brillouin (WKB) 

approximation, which assumes that when an electronic potential is slowly varying, then the 

amplitude of the wave function within the potential will also vary slowly.  This gives an 

expression for the current as follows: 

𝐼 = ∫ 𝜌𝑠(𝐸)𝜌𝑡(𝑒𝑉 − 𝐸)𝑇(𝐸, 𝑒𝑉)𝑑𝐸
𝑒𝑉

0
    (1.1) 

 

ΦTip 

ΦSample 
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The current is dependent on the voltage applied to the sample (V), density of states 

(DOS) of both the tip and sample (ρs and ρt), as well as the transmission function T, which is as 

follows: 

𝑇(𝐸, 𝑒𝑉) = exp(−
2𝑍√2𝑚

ℏ
√
𝜙𝑠+𝜙𝑡

2
+

𝑒𝑉

2
− 𝐸)  (1.2) 

The transmission function is exponentially dependent on the length of the vacuum gap, as well as 

the barrier height
51

. 

Ignoring the effect that the non-uniform density of states of both the tip and sample have 

on the rate of tunneling, as well as the small effect that the applied voltage has to the barrier 

height, the tunneling current is linearly dependent on the difference in voltage, and exponentially 

dependent on the distance between the sample and the tip.  The exponential dependence of 

current with respect to distance means that the current is extremely sensitive to the area that is 

directly under the very end of the STM tip, allowing in the best cases for resolution of around an 

angstrom, giving atomically resolved images. 

The position of the STM tip is controlled with a piezoelectric tube.  Piezoelectric 

materials are compounds with an intrinsic polarization, such that when a mechanical force is 

applied, a voltage develops.  The reverse is also true: when a voltage is applied, the material 

bends slightly.  With a piezoelectric tube, the x, y, and z position of the tip can be controlled very 

precisely with the application of modest amounts of voltage.  In our microscope, each volt 

applied in the x or y direction shifts the tip by 20 nm, and with a maximum voltage of 215 V, the 

horizontal range of motion is about a micrometer.  The best-case resolution from the piezo 

positioning in the horizontal directions is about an angstrom.  In the vertical direction (the z-
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direction) the motion is much smaller, 0.75 nm/V.  The resolution of the instrument in the z 

direction is also much better, on the order of 0.1 angstrom. 

When using a scanning tunneling microscope for imaging a surface, the tip is rastered 

over the surface, creating a series of lines which are stacked to form the image.  During imaging, 

two pieces of information are collected for each point on the image.  The first is height, how far 

extended or retracted the piezo tube is relative to its neutral position (in practice, it is the voltage 

applied to the piezo tube that is recorded and converted to a height using the sensitivity of the 

piezo tube).  The second is the current flowing between the sample and the tip.  Therefore, two 

images are created: a topographic image, created by displaying the height values of the image, 

and a current image. 

A proportional-integral (PI) feedback loop controls the tip z-position as a function of the 

current.  A current setpoint is set by the user, and the controller either extends the tip closer to 

the sample, to increase the current, or pulls the tip further from the sample to decrease the 

current, in order to try to maintain the current at the setpoint.  There are two modes that STM 

imaging may be taken in: constant current and constant height.  Constant current mode is the 

more typical method of obtaining images, and is exclusively used to take the images for the 

experiments described in this thesis.  In this mode, the PI loop is set to be as responsive as 

possible (without introducing further noise or ringing), and the tip moved slowly enough across 

the sample, that the tip is able to follow the contours of the surface faithfully, and the current 

image is fairly flat.  In constant-height mode, the PI loop is turned down or off, so that the tip 

maintains a constant extension of the piezo tube.  As the surface gets closer or further from the 

tip due to the topography of the sample, the current correspondingly gets larger or smaller.  In 
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this case, the current image contains nearly all of the information, and the height image remains 

fairly flat. 

 

[Figure 1.3] Topographic (left) and current (right) images taken of a decanethiol SAM.  The 

STM was in constant-current mode during the acquisition of these images.  The image on the left 

is therefore an accurate representation of the topography (possibly modulated by differing 

electronic density of states in the sample), while the image on the right is the error signal from 

the feedback loop maintaining a constant tunneling current.  It is clear from the current image 

that the STM tip was being moved from left to right across step edges: when stepping up, a high 

current is momentarily created before the feedback loop corrects it, while when stepping down, a 

low current appears briefly.  STM imaging conditions were 0.7V, 10 pA. 

 

The density of electronic states on the sample also strongly affects the current while 

tunneling (the metal tip has a relatively flat density of states, and so is generally not considered).  

When the surface is placed at a positive potential relative to the tip, electrons tunnel from the tip 

into empty states on the surface.  Conversely, when the surface is put at a negative potential, 

electrons tunnel from the filled states on the surface into the tip.  The density of states therefore 

adds another term to the current tunneling between the tip and the sample, in addition to the 

height and voltage.  For this reason, the height image of an STM image is not necessarily truly 

representative of the physical topography of the sample.  Areas of the image that have a high 
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density of states relative to their surrounding area (a dangling bond, for example) will show up as 

higher than the surrounding area, at least when imaging at voltages where the relevant density of 

electronic states contributes to the current.  However, this does not mean that no topographic 

information can be understood from the height images.  When imaging two locations of the same 

type of surface, the electronic structures will be the same for both, so differences in the height 

image directly correspond to differences in the actual topography.  Additionally, the heights of 

features due to different electronic structures will typically change when the imaging bias is 

changed, while height features due to actual topography will stay relatively the same. 

This dependence of current with the electronic structure, while a slight hindrance to 

interpreting images, allows a method for interrogating the electronic density of states with a 

scanning-tunneling microscope, known as scanning tunneling spectroscopy (STS)
51

.  In brief: the 

tip is brought into tunneling range of the sample, and then is held in place.  The bias on the 

sample is ramped several volts, and the tunneling current recorded as a function of bias voltage.  

The derivative of the tunneling current with respect to voltage is strongly dependent on the 

electronic density of states, giving insight into the electronic structure of the sample beneath the 

tip.  No STS measurements were taken in the course of the experiments described in this thesis, 

though the microscope used for this thesis is capable of, and has been used to take such 

measurements.
52,53
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Chapter 2: Experimental Methods and Instrumentation 

2.1 Instrument Design 

 All of the experiments described in this thesis were obtained on an ultra-high vacuum 

scanning-tunneling microscope (UHV-STM).  A picture of the chamber and attached instruments 

is contained in Figure 2.1.  The setup consists of three chambers, separated by gate valves.  

Samples are loaded via the load lock, pumped by a turbomolecular pump backed by an oil-free 

scroll pump, down to a pressure of around 1×10
-8

.  A transfer arm is used to transfer the sample 

into an STM chamber, and a sample preparatory chamber, both of which are pumped by a 

Gamma Vacuum TiTan 200L ion pump, down to a pressure of about 5×10
-11

 torr. 

 

[Figure 2.1] A picture of the instrument in which all of the experiments described within this 

thesis were conducted.  On the far left is the load lock and turbomolecular pump, in the middle 

the imaging chamber, and on the right the preparatory chamber.  The transfer arm used for 

moving samples between chambers can be seen on the far left. 
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 The imaging chamber contains a variable temperature RHK UHV 350, beetle style 

Atomic Force Microscopy/Scanning Tunneling Microscope (AFM/STM).  The AFM/STM is 

capable of imaging from around 20 K with liquid helium to 373 K.   

Also contained in the imaging chamber is the Mantis MGC-75 thermal gas cracker 

(Figure 2.2), pointed directly at the sample when it is in the stage for imaging, and about 8 cm 

away from the surface.  The gas cracker is oriented at 50° from the surface normal.  In the gas 

cracker is a 3 mm diameter iridium tube, which the hydrogen gas passes through on its way into 

the chamber.  This tube is heated to about 2000 K by electron bombardment from a nearby 

filament, meaning that any hydrogen that touches the tube during its passage into the chamber is 

thermally dissociated.  For low hydrogen flow rates, the gas cracker is quite efficient, splitting 

around 95% of the hydrogen. 

 

[Figure 2.2] A picture of the thermal gas cracker, before it was mounted in the UHV chamber.  

The heated iridium tube that cracks hydrogen and oxygen is contained in the copper cylinder on 

the right.  

 

The thermal gas cracker is water cooled, requiring a flow of at least 0.5 L/min in order to 

properly cool it.  The gas cracker is cooled by the process water in the building, which typically 

has a temperature around 18-20 °C.  The water flow is monitored with a flowmeter, and 
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controlled manually with a valve.  To provide protection for the gas cracker in the case of a 

water stoppage, a flow interlock is in the line hooked to the gas cracker control, which will shut 

off power to the gas cracker if the water flow is interrupted or falls below about 0.6 L/min. 

The hydrogen gas for the gas cracker is supplied from a lecture size gas bottle, equipped 

with a regulator, which is directed through pipes with VCR fittings to the gas cracker.  The 

forelines are pressurized to a few PSI of hydrogen, which is then let into the gas cracker and 

chamber through a leak valve.   

The sample stages in both the STM/AFM and preparatory chambers allow for cryogenic 

operation, as well as heating to over 1500 K.  The preparatory chamber has an X-ray gun and 

hemispherical electron analyzer for conducting X-ray photoelectron spectroscopy (XPS) 

measurements, an electron gun for auger electron spectroscopy (AES), and argon ion sputtering. 

 Samples are mounted into pucks, shown in Figure 2.3, containing electrical connections 

to the sample for applying a bias voltage to the sample for imaging, a K-type thermocouple for 

monitoring sample temperature, and a filament underneath the sample for radiative or electron 

bombardment heating.  STM and AFM tips are transferred into and out of the microscope with 

similar types of pucks.  A combination of up to six tips and samples may be stored in the sample 

elevator contained in the STM chamber. 

  

2.2 Alkanethiolate SAM Preparation 

 Alkanethiols (1-octanethiol, 1-nonanethiol, 1-decanethiol, 1-undecanethiol) are 

commercially purchased from Sigma-Aldrich and used without further purification.  Absolute 

ethanol (ACS Reagent Grade, >99.5%) is also purchased from Sigma-Aldrich and used without 
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further purification.  The alkanethiolate SAMs are prepared on substrates of 150 nm layers of 

Au(111) deposited onto cleaved mica, purchased from Agilent, and later Keysight Technologies.  

The gold substrates are bought in 1 cm × 1 cm sizes, and cut into squares approximately 5 mm × 

5 mm before use.  The gold is annealed under a hydrogen flame, in order to remove 

contaminants and increase the area of the terraces.  The gold forms atomically flat terraces of up 

to hundreds of nanometers, and domains up to several microns.  

 To prepare the SAMs, 1 mM solutions of each of the alkanethiols is prepared in ethanol.  

The annealed gold substrates, after cooling, are placed face-up on the bottom of a vial containing 

the alkanethiol solution, and then annealed in a temperature-controlled oven at 60
o
C for 2.5 

hours, to allow the SAM to fully form into the thermodynamically-favored standing-up phase.  

The SAMs composed of each of the four different alkanethiols form similar surface 

morphologies.  The alkanethiolate molecules bond to the surface and form well-ordered domains 

of close-packed standing-up phase on the order of 20 nm, separated by grain boundaries where 

domains of different orientation meet.  Gold vacancy islands – etch pits – form at the intersection 

of domain boundaries. 

 After annealing in the ethanol solutions, the SAMs are allowed to cool to room 

temperature in their solutions, and then removed and rinsed 10 times on each side of the 

substrate with ethanol, and then allowed to dry by evaporation in the air.  The rinsed and dried 

SAM was then mounted in the RHK sample puck, placed into the load lock, pumped to UHV 

pressures, and transferred into the STM chamber for imaging and reaction.  The time the SAMs 

were allowed to sit in air, out of their solution, was generally kept to under 30 minutes, in order 

to limit the amount of degradation of the SAM in the air.  (SAMs would generally be stable and 
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imagable if left in the air for up to a couple days or more.  However, they would begin to 

degrade, which could look similar to the types of reactivity with atomic hydrogen that we were 

measuring.)  While in vacuum, the ion pressure gauges in the chamber containing the SAMs are 

left off, as stray electrons or ions might degrade the SAM
54

.  The windows of the chamber are 

also kept covered with aluminum foil while not doing experiments, to minimize the exposure of 

the SAMs to light.  It is not clear if this was necessary, though it is known that light assists with 

the degradation of alkanethiolate SAMs, at least in air.
55

 

 For the reactions described in Chapter 3, all of the samples actually consisted of two 

SAM samples, mounted side-by-side in the sample puck (see Figure 2.3).  The reason for this is 

to ensure that proper relative reactivity rates were attained, even if from day to day there is some 

variability in the atomic hydrogen flux.  In order to fit both samples into one puck, the gold on 

mica pieces were cut to a size of about 3 mm × 5 mm, narrower than the 5 mm × 5 mm squares 

used when a single sample is mounted. 
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[Figure 2.3] The sample holder used for the experiments described in this thesis, with a dual 

sample mounted, as used for the experiments in Chapter 3.  

 

 Tunneling conditions for imaging the SAMs varied somewhat, based on the specific 

sample and tip.  In general, the alkanethiolate monolayers are imaged with a bias on the sample 

of about +0.7 V, with a setpoint current of 5-50 pA.  Above 50 pA, the STM tip begins to get too 

close to the sample, interfering with alkane tails of the monolayers and degrading the image, 

while below 5 pA the instrument noise becomes too significant.  The longer chain lengths are 

typically imaged with lower setpoints within this range, as the longer tails cause the tip to begin 

to reach the alkane tails at lower setpoints. 
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2.3 Temperature Control 

 Most of the reactions presented in this thesis were carried out at room temperature, 

without any temperature measurement on the sample or any active temperature control.  The lab 

temperature was generally between 20-24 °C (293-297 K).   

For the experiments that were run at reduced temperatures, the temperature was measured 

and controlled much more closely.  The temperature on the sample was monitored by a K-type 

thermocouple (chromel-aluminel) on top of the sample.  The thermocouple was connected to a 

Lakeshore 331 Temperature Controller, which also contains the PID loop to control the 

temperature, as described below.  The sample was cooled by running liquid nitrogen through the 

Cryo Industries continuous flow cryostat, while measuring the volume flow of the exhaust gas.  

While initially cooling, the valve on the liquid nitrogen is adjusted such that the exhaust flows at 

around 4 L/min, though while holding the temperature steady the flow rate was reduced to 

around 2L/min. 

If allowed to run unchecked, the liquid nitrogen in the cryostat will cool the sample stage 

to around 110 K.  In order to control the sample temperature, variable heating is applied to the 

sample while also cooling.  The heating is applied through radiant heating from underneath the 

sample by running 1-2.5 A through a tungsten filament mounted in the sample puck. 

The filament was powered by a Lambda power supply, which was in turn controlled by 

the Lakeshore 331 temperature controller.  The Lakeshore only had a current-controlled output, 

so in order to convert that to the voltage input needed for the power supply, two 100 Ω control 

resisters are placed across the Lakeshore output.  Typically, around 2 A was needed to keep the 

temperature at the desired level, either 250 K or 270 K. 
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The sample was allowed to stabilize at its target temperature for an hour or more before 

imaging.  If the sample temperature was still too unsteady, the STM imaging would show heavy 

thermal drift.  Once stable, the Lakeshore would control the temperature to within several 

hundredths of a Kelvin. 

 

2.4 Reaction Methodology 

 Before starting to react a new SAM with atomic hydrogen from the thermal gas cracker, 

the forelines of the gas cracker are pumped out with the scroll pump, and then flushed with 

hydrogen from the lecture bottle, to ensure that only hydrogen is in the foreline, and that other 

gases are not being introduced through the gas cracker that might confound the experiment. 

 Once a new SAM sample of the appropriate chain length has been prepared and loaded 

into the imaging chamber, it is imaged (described below in Section 2.5) to ensure that the sample 

is well-ordered, and to collect data for the initial datapoint in which the sample has yet to be 

reacted with atomic hydrogen. 

 Once these initial images are taken, if the sample is going to be held at a temperature 

other than room-temperature during the reaction, the sample is brought to the target temperature, 

as described in Section 2.3 above.  If this is done, once the sample is stable, additional images 

are taken at the target temperature, in order to ensure that imaging at the experimental 

temperature is working well. 

 To carry out the reaction with hydrogen, the scan head is retracted from the surface, and 

then pulled up off of the sample puck as far as it will go.  This is to ensure that the scan head or 

tip do not shadow the surface during the reaction.  Then, the cooling water for the gas cracker is 
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turned on, as is the high voltage on the power supply.  The current on the filament in the gas 

cracker is turned up slowly, over 5-10 min, to a final power of 40 W, which requires a current on 

the filament of about 2.67 A.  The power is allowed to stabilize for a couple minutes, but the 

current is then turned down to 2 A (close to 0 W) before the gas is turned on. 

 The gas flow through the gas cracker and into the chamber is controlled via a leak valve.  

The valve is quickly opened until the pressure read on the ion gauge in the imaging chamber 

reads 5.0 ×10
-8

 torr.  (The ion gauges are calibrated for nitrogen, and hydrogen has a sensitivity 

factor of about two relative to nitrogen, so the actual pressure in the chamber is approximately 

1.0 ×10
-7

 torr.)  Once this has stabilized for a few seconds, the power on the gas cracker is 

increased again to 40 W.  The pressure read on the ion gauge usually decreases a few percent at 

this point, so the leak valve is adjusted so that the pressure again reads 5.0 ×10
-8

 torr.  Finally, 

once the pressure and power have stabilized, the shutter in front of the gas cracker is opened, so 

that the reaction begins.  At this point, the timer is started for the appropriate interval. 

 Once the allotted time has elapsed, the shutter on the gas cracker is shut to stop the 

reaction, the leak valve is closed completely, and the current on the filament in the gas cracker is 

turned all the way off, all within about 30 seconds.  The cooling water on the gas cracker is 

allowed to flow for an additional minute, before it too is turned off.  At this point, the scan head 

is lowered back onto the sample, the tip is approached onto the sample, and imaging is resumed 

again.  The imaging usually shows a small amount of thermal drift immediately after the 

reaction, but this quiets down within a few minutes.  When measuring the sample temperature 

with a thermocouple during the reactions at temperatures colder than room temperature, the 

surface temperature never rises more than about 1 °C, even with long exposures. 
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2.5 Imaging Methodology 

 The images used for the data analysis are STM images 512 × 512 pixels, 

300 nm × 300 nm, and of good enough quality to see grain boundaries and sharp edges on 

domains, so that the relative areas of different phases can be measured with some accuracy.  To 

that end, the imaging procedure is directed towards attaining images with those characteristics.  

The imaging conditions that I discuss below are general ranges and approximate conditions, 

which are varied day-by-day, and depending on the specific characteristics of the STM tip and 

the sample at the moment, in order to attain the highest-quality images possible.  Most of this 

fine-tuning is through trial-and-error, looking to empirically see how the images change as the 

conditions are varied or the tips conditioned, without a theoretical basis for preferring one set of 

conditions over another. 

 The STM tips are 90:10 platinum-iridium (Pt/Ir) wire, with a diameter of 0.25 mm.  

There are two different methods of creating the atomically-sharp end of the tip that are used 

interchangeably within this thesis, both capable of taking images of good quality, without a 

strong preference for one over the other.   

The first method is through cutting the tip with a pair of Lindstrom wire cutters, at a 

sharp angle, while applying a pulling force, creating a roughly triangular end on the tip.  Tips 

created in this way do not tend to look as uniform and sharp under optical magnification as tips 

created via the second method (explained below), though they can still make quite good tips for 

imaging.  It is only the very end of the tip on a nanometer scale that is relevant for how the tip 

performs while imaging.   
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The second method for creating an STM tip is via electrochemical etching.  A piece of 

the Pt/Ir wire, about 1 cm long, is mounted into an electrochemical cell.  A strip of nickel ribbon 

acts as the counter electrode, and the electrolytic solution is 2M NaCl, prepared in deionized 

water to minimize possible interference from other ions.  A variable AC transformer (Variac) is 

used to run the electrochemical cell.  Initially, around 3-5 mm of the Pt/Ir wire is inserted into the 

electrolytic solution, and about 5 V at 60 Hz AC is applied for about 30 seconds, to help clean 

the outside of the wire.  The power is then turned off and the Pt/Ir wire adjusted so 2 mm is in 

the solution.  The Variac is then turned up to about 35 V, and the power is turned on, etching the 

wire.  The Variac is allowed to run until the Pt/Ir wire is etched up out of the solution, at which 

point the etching stops on its own.  The power is turned off, and the tip is removed and rinsed 

with ultrapure water from a Barnstead Nanopure water purification system.  The new tip is 

allowed to dry in air before being mounted into a tip transfer puck to be inserted into the 

instrument. 

Once a tip is in the instrument and the sample is ready to be imaged, the STM head is 

lowered onto the ramp of the sample puck, and told to approach relatively quickly, using two 

cameras in order to monitor the distance from the tip to the sample.  Once the tip is close, the 

STM is told to auto-approach.  During the auto-approach, the derivative gain is set high, about 7 

on, and the time constant is set fairly low, about 0.2, and with a low current set point of around 

10 pA.  A bias of +0.7 V is applied to the sample. 

Once approached, the derivative gain is turned down to around 0.5-1, and imaging is 

started typically at a 500 nm × 500 nm scale.  The scan speed is typically 300-500 ms per line, 

meaning that an entire image, with 512 lines, both forward and backward, takes about 5-9 min.  
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Imaging is typically done with a positive bias on the sample of 0.5-1 V, meaning that electrons 

are tunneling from the tip to the sample, imaging the empty electronic states on the surface.  

SAMs can be images with a negative bias on the sample, though we found that a positive bias 

tends to give better images. 

An image is taken at 500 nm in order to get an idea of what different parts of the surface 

look like, before the 300-nm images are taken that will be used for data analysis.  For the 300-nm 

images to be the most data-rich, it is preferable that they contain large, flat terraces that can be 

analyzed, rather than many closely-spaced atomic steps.  While initially taking the 500 nm 

image, the lateral offsets are moved and the topography observed in the image line to find 

relatively flat areas.  After moving the offset knobs, the image takes 1-2 min to stop drifting due 

to hysteresis in the piezo tube, but settles fairly quickly. 

Once the 500-nm image has been taken and the topography of the surrounding area is 

known, one or more 300-nm images are taken, which will be used for data analysis.  Often when 

taking the 300-nm image, the scan speed may be sped up modestly while still retaining good 

image quality, typically between 200-300 ms per line, meaning that it takes from about 4-5 min 

per image. 

For each timepoint during a reaction, at least two images at 300 nm are taken of sufficient 

quality for analysis, in at least two different macroscopic locations on the surface.  In order to 

move locations, the tip is retracted about 100 steps, and then moved laterally at least several 

hundred microns, before reapproaching and taking more images.  In some but not all cases, 

images smaller than 300 nm will also be taken, in order to better evaluate both the tip and the 

sample.  The close-packed hexagonal lattice of the SAM can usually start to be seen at 30-50 nm, 
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and the lattice spacing is used to calibrate the lateral dimensions of the STM images.  The striped 

pattern of the lying-down phases usually start to become visible at much larger scales, often in 

the 300 nm images that are used for data analysis. 

When imaging sample pucks that contained two samples (as for the experiments 

described in Chapter 3), several 300 nm images of acceptable quality were first obtained from 

one of the two samples, and then the tip was retracted quite far, and moved over to the second 

sample, where several images were also taken there.  At the edge of the sample, it was common 

for a small amount of the gold to be peeling up off of the mica, making an obstacle for the tip to 

pass over.  Therefore, the scan head was retracted nearly all the way up the ramp before moving 

the tip between samples, to ensure there was enough vertical clearance.  

The initial imaging with a given tip onto a given sample is often not of the quality needed 

for data analysis, so a considerable amount of time is expended in changing imaging conditions, 

as well as conditioning the tip, in order to attain the required quality of images.  This takes a 

variety of forms.  In terms of imaging conditions, the sample bias and current setpoint can be 

varied, as can both the integral and derivative gains on the feedback loop that maintains the 

current setpoint.  The tip speed during imaging can also be varied: if it is too high, the feedback 

loop cannot keep up and features begin to get streaked and blurred. 

It is very necessary to condition the tip, especially after the sample has begun to be 

reacted with hydrogen.  Some of the thiol molecules that react with atomic hydrogen apparently 

do not leave the sample completely, but rather lay on the surface where they may pollute the 

STM tip as it scans over them.  Alternatively, some of the reacted thiol molecules that do leave 

the surface during the hydrogen atom exposure may collide with the raised tip and stick there.  In 
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either case, it is sometimes very clear that the tip was polluted, because there is a tip change, 

either from consciously conditioning the tip, or randomly, and when the area is imaged again, a 

large mass is seen on the surface that was not there previously (see Figure 2.4). 

 

 

[Figure 2.4] Topographic (left) and current (right) images of decanethiol showing a tip change 

during scanning.  The fast scan direction is from left to right, with the slow scan from top to 

bottom.  A tip change is seen near the top, where the image becomes clearer, and material 

formerly on the tip is seen deposited on the surface.  STM imaging conditions were 0.7V, 10 pA. 

 

There are several means to condition the tip and induce tip changes, with different levels 

of perturbation to the tip.  Sometimes, increasing the imaging speed to a very fast rate (<50 

ms/line) for a few seconds is enough to induce a change.  From there, the next step is doing a 

voltage pulse on the tip, applying a relatively high voltage to the sample (several volts) while the 

tip is in tunneling range, for a short amount of time.  The high field induced at the tip may 

remove pollutants from the tip and even rearrange the metal molecules near the tip.  A weak 

form of this voltage pulse can be attained by switching the bias voltage from positive to negative 

and then back, and then progressively stronger pulses can be applied through the software, with 
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either positive or negative bias on the sample.  Finally, the most drastic way to change the tip is 

to deliberately crash it into the surface, which can change the geometry of the tip, as well as 

transfer material between the probe and the surface.  Crashing the tip seems to work relatively 

well on samples with a gold surface (such as SAMs), but less well on non-metallic surfaces, such 

as graphite.  We hypothesize that this is due to the transfer of some gold from the surface to the 

tip, where it forms a clean metal layer to interact with the sample. 

 

2.6 Data Preparation and Analysis 

 All of the image processing presented in this thesis was carried out  using Gwyddion, a 

free scanning probe microscopy image analysis program.
56

  The results were stored in a 

spreadsheet, which was also used to do the math for averaging different values at each timepoint 

and estimating error bars.  Finally, the data was plotted using MATLAB, which was also used to 

add the lines for our modeled behavior and extract rate constants from the model. 

The basic scheme for analyzing the images taken during the course of a reaction with 

atomic hydrogen is presented in Figure 2.5.  In brief, each terrace of the image is analyzed 

independently.  A terrace is flattened, and a mask is applied to isolate it.  A height threshold is 

applied, so that etch pits and reacted areas (which are topographically lower) are masked, while 

the remaining standing-up phase is not.  The area of the standing up phase is then compared to 

the area of the entire terrace. 
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[Figure 2.5] This series of images show the procedure used to find the area percentage of 

standing up phase.  The original image (A) is tilted to obtain a flat terrace (B), followed by 

masking off that terrace and measuring the total area (C), and finally using a height threshold to 

measure only the area of the standing phase (D). 

 

This process is repeated independently for each terrace, giving a range of ratios at each 

timepoint during the reaction.  We’ve simplified this by taking an average weighted by the area 

of each terrace (to minimize the small sample size effects that tend to occur more frequently on 

small terraces).  To estimate the uncertainty in each timepoint, the standard deviation of all of the 

terraces from all images was used. 

Some care must be taken in the image analysis, as we were only measuring the fraction of 

the area that was standing-up phase, not the fraction that was reacted.  Even before the SAMs 

had been exposed to any atomic hydrogen, only around 90% of the surface was recorded as 

being the standing-up phase.  This is due to the gold vacancy islands, or etch pits, that are on the 
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surface, and which get caught by the height threshold.  To account for this effect, all of the 

graphs were normalized to the initial value for the ratio of standing-up phase. 

There was a significant amount of variability in the total amount of time taken to react, 

when the reaction of the same type of SAM was carried out on different days.  To account for 

this, the room temperature reactions for the experiments described in Chapter 3 were run two at 

a time: with each chain length paired with a 1-decanethiolate SAM.  When all four chain lengths 

were worked up and presented on the same graph, the time-points of each pair that were reacted 

together were multiplied by a constant, such that all of the 10-carbon reactions overlapped, 

giving accurate relative reactivities of all four chain lengths. 

To create the histogram shown in Figure 3.9, representative images were used of SAMs 

composed of each of the 4 chain lengths, both from before exposure to hydrogen, and from 

images where around 50% of the standing-up phase remains (the exact images used are shown in 

Figures A.3.9a-d).  For each image, the etch pits are masked one at a time, drawing freehand in 

Gwyddion, and the total mask area measured, giving the area of each etch pit on the image.  The 

histogram is made in Microsoft Excel, using bin sizes of 20 nm
2
. 

 

2.7 Model Building 

 The model that we currently use to describe the reaction of alkanethiolate SAMs with 

atomic hydrogen is described in Section 3.3.  I will not be expanding further here on what that 

model is, or how we arrived at it.  Rather, I would like to briefly describe how the model used to 

generate the curves plotted on Figures 3.6 and 4.4, and how the parameters were chosen to 

model the data. 
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 Once the initial form of the differential equation was decided for the model (see equation 

3.1), it was integrated to give a closed form for the proportion of standing up phase as a function 

of time (see equation 3.2, reproduced below as equation 2.1).   

 

𝜃 =
𝑘2𝜃𝑚𝑎𝑥⁡

𝑘2−𝑘1
− 𝐴e(𝑘2−𝑘1)𝑡     (2.1) 

 

This equation has three parameters, θmax, k1 and k2.  The first, θmax is a physical quantity of the 

system, the initial proportion of the surface that is measured to be standing-up phase (essentially 

all of the surface except for domain boundaries and etch pits).  It is estimated directly based on 

the initial datapoints for each reaction.  The two rate constants are not directly coming from the 

data, but instead are fit.  The length-independent constant, k2 should be the same for all 4 chain 

lengths according to our model, and being much larger than k1 should dominate the shape of the 

curve, so a compromise k2 value was chosen to give a reasonable curve shape for all 4 chain 

lengths.  From that point, k1 was chosen for each curve to best follow the actual data. 

 The data as well as the modeled curves were all generated in MATLAB, and the rate 

constants were tweaked until the modeled curves overlayed the plotted data.  No mathematical 

fitting was done, and with so many parameters, there is significant risk of overfitting and 

considerable uncertainty.  For this reason, we are not comfortable putting too much stock in the 

exact values found, and rather prefer to look at the overall trend. 
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Chapter 3: Chain-Length Dependent Reactivity of Alkanethiolate Self-

Assembled Monolayers with Atomic Hydrogen 

3.1 Introduction 

Thiolate self-assembled monolayers (SAMs) on Au(111) are some of the most well-

studied systems in the surface science community.
25,26,57,58

 These materials consist of densely-

packed organic molecules, chemisorbed onto a metal substrate and arranged in a highly ordered 

2D polycrystalline structure. The tunability of the molecules’ chemical functionality allows for 

the control of surface properties such as wetting
59–62

, adhesion
61,63

, photoactivity
64

, and chemical 

reactivity
26

. This versatility has enabled SAMs to be used in a variety of applications ranging 

from biomimetics
59,63,65,66

 to corrosion inhibition.
67,68

 

 SAMs have also proven to be of great importance in the study of gas-surface interactions, 

where their tunability allows one to study reaction dynamics as a function of individual surface 

parameters such as chain length, odd- or evenness, or chemical functionality.
12

 They have been 

used as model surfaces to gain insight on the reactivity of atomic gases with hydrocarbons
12

, 

which has importance in applications such as passivating electronic surfaces with organic thin 

films.
11,69

 

 Previous studies have shown
12,18–21,70,71

 that atomic hydrogen reacts with alkanethiolate 

SAMs on Au(111), resulting in their removal from the surface. Gorham et al.
12

 used X-ray 

photoelectron spectroscopy (XPS) to study the impact of chain length on the rate of removal. 

They found that for short (C ≤ 12) alkanethiolate SAMs, the sulfur is hydrogenated and the 

molecules are removed entirely from the surface. Conversely, long chain SAMs react more 

slowly and are removed in fragments via chemical erosion of the hydrocarbon film. The Kandel 
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group later studied the reaction of 1-octanethiolate SAMs with hydrogen using ultra-high 

vacuum scanning tunneling microscopy (UHV-STM).
18–21,71

 This direct imaging technique 

yielded a greater understanding of the mechanistic details of the reaction, such as the formation 

of gold adatom islands and the influence of local surface environment on the rate of monolayer 

erosion. 

 Building on these studies, we present a detailed analysis of the effect of chain length on 

the reaction of alkanethiolate SAMs with atomic hydrogen, using UHV-STM to investigate the 

evolution of the surface on the microscopic scale. In situ imaging was used to track the reaction 

progression of a series of SAMs (8-11 carbons long) by monitoring the relative areas of high- 

and low-density phase SAM on the surface after exposure to hydrogen. Based on these 

experimental data, we propose an exponential model that describes the observed kinetics. 

Restructuring of the substrate over the course of the reaction was also examined, and it was 

determined that shorter chain SAMs cause greater rearrangement of the underlying gold surface. 

 

3.2 Experimental Details 

Experiments were performed in a UHV chamber (base pressure of 1 × 10
-10

 Torr) that 

houses both an RHK 350 Beetle UHV-STM/AFM and a Mantis MGC-75 thermal gas cracker. 

This in situ dosing setup has the gas cracker oriented 50
o
 from the imaging stage’s surface 

normal and located 80 mm from the sample. Gas exposure from the cracker is controlled by a 

manual shutter. Atomic hydrogen was produced by passing molecular hydrogen (backing 

pressure of 1 × 10
-7

 Torr) through the gas cracker’s heated iridium capillary. Under these 

conditions, a cracking efficiency of approximately 90% can be expected.
72

 A hydrogen flux on 
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the order of 10
12

 H atoms cm
-2

 s
-1

 was determined for our experimental setup. Sample exposures 

were performed for intervals of 3-15 min, during which the microscope scan head was retracted 

several inches to prevent the tip from shadowing the surface. 

 n-Alkanethiolate SAMs were prepared on flame-annealed Au(111)-on-mica substrates 

from Keysight Technologies using solution-deposition methods. The substrates were immersed 

in 1.0 mM solutions of 1-octanethiol (8C), 1-nonanethiol (9C), 1-decanethiol (10C) and 1-

undecanethiol (11C) in ethanol for 2.5 h at 60
 o
C. Samples were rinsed with ethanol and dried in 

air prior to placement in the UHV chamber. STM images were taken with a bias voltage of 0.70 

V and a tunneling current set point of 10 pA. In order to obtain reliable relative reaction rates 

between different experiments, two 2.5 mm × 5 mm samples were mounted together and dosed 

simultaneously for each reaction: a 1-decanethiol sample, to be used as a reference between the 

different experiments, and a second SAM sample of desired length (8-, 9- or 11-carbons long). 

All STM image processing was performed using Gwyddion, an open-source software for SPM 

data analysis.
56

 

 

3.3 Results and Discussion 

Figure 3.1 shows a representative set of STM images for the progression of a sample’s reaction; 

in this case, decanethiolate. Similar sets of images for the octanethiolate, nonanethiolate and 

undecanethiolate samples can be found in Figures 3.2-3.4. The zero-minute panel shows the 

SAM prior to atomic hydrogen exposure, and illustrates the typical features of an alkanethiolate 

SAM on Au(111).  
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[Figure 3.1] A succession of STM images of a 1-decanethiol SAM at various time points during 

its exposure to atomic hydrogen. The erosion of standing-up phase becomes apparent after 

dosing for ~19 min, visible as the thickening of grain boundaries and topographically lower 

regions. All images are 300 nm × 300 nm, STM imaging conditions were 0.7 V, 10 pA. 
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[Figure 3.2] A succession of STM images of a 1-octanethiol SAM at various time points during 

its exposure to atomic hydrogen. The erosion of standing-up phase was already quite apparent 

when the first time point was taken after 8 minutes. All images are 300 nm × 300 nm, STM 

imaging conditions were 0.7 V, 10 pA. 
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[Figure 3.3] A succession of STM images of a 1-nonanethiol SAM at various time points during 

its exposure to atomic hydrogen. The erosion of standing-up phase becomes apparent after 

dosing for ~16 min, visible as the thickening of grain boundaries and topographically lower 

regions All images are 300 nm × 300 nm, STM imaging conditions were 0.7 V, 10 pA. 
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[Figure 3.4] A succession of STM images of a 1-undecanethiol SAM at various time points 

during its exposure to atomic hydrogen. The erosion of standing-up phase starts to be come 

visible after dosing for ~19 min, visible as the thickening of grain boundaries and 

topographically lower regions All images are 300 nm × 300 nm, STM imaging conditions were 

0.7 V, 10 pA. 

 

The thiol molecules self-organize into a standing-up, hexagonal close-packed structure, 

with a lattice constant of 0.50 nm and a c(4×2)R30
o
 superlattice (Figure 3.5). The alkane tails 

are in an all-trans configuration tilted 32
o
 from the surface normal, and three degenerate 

rotational orientations are possible due to the symmetry of the underlying gold lattice.
26,27

 

Domains of standing-up phase have a diameter of approximately 20-30 nm and are separated by 

grain boundaries where molecules of different orientations meet. Gold vacancy islands, also 

known as etch pits, appear during the formation of the SAM and are spread across the surface 
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between domains. These defects are typically circular, with a diameter around 5 nm, and are 

filled with standing-up phase SAM (Figure 3.5 C).  

 

[Figure 3.5] (A) STM image of 1-decanethiol SAM composed entirely of hexagonally close-

packed standing-up domains. Inset (7 nm × 7 nm) shows atomic resolution and the c(4×2) 

superlattice. (B) Ordered low density lying-down phases of 1-decanethiol (inset 50 nm × 50 nm). 

(C) Image showing standing-up phase inside the gold vacancy islands.  STM imaging conditions 

were 0.7 V, 10 pA. 

 

Previous studies have shown
18,19

 that the gold atoms taken from the etch pits are 

incorporated into the alkanethiolate monolayer, with a ratio of two thiol molecules per gold 

adatom. The later panels of Figure 3.1 show the general progression of the SAM upon reaction 

with hydrogen. Initial reactivity is evidenced by the thickening of the grain boundaries, as 

molecules are removed from the surface and remaining thiolates begin to form lower density 

phases. These include various ordered lying-down phases, which are observed as bright and dark 
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stripes on the surface (Figure 3.5 B).
28,29

 Upon further exposure to hydrogen, the lower density 

areas expand and interconnect, leaving isolated pools of standing-up phase. Eventually, no 

standing-up phase remains on the surface and small gold islands are observed, formed from the 

adatoms previously incorporated in the SAM.
18,19

 For this experiment, the reaction is considered 

complete when no standing-up phase remains on the surface. 

When hydrogen travels through the organic layer of pristine standing-up phases, it is 

possible that the tilt angle relative to the gas cracker plays a role in the reactivity.  The alkane 

tails are tilted ~32° from the surface normal, while the gas cracker is 50° from the surface 

normal.  The geometry of the sample, scan head, and gas cracker provides a direct line of sight 

from the gas cracker to the sample, whether the scan head is retracted as in these experiments, or 

lowered onto the sample.  The gas cracker is 8.0 cm away from the sample, which is about 

0.5 cm × 0.5 cm, a solid angle of 0.004 sr, meaning all atomic hydrogen comes to the sample 

from the same direction, which is known relative to the imaging direction.  The azimuthal angle 

of the alkane tails in some domains point more towards the direction of the gas cracker, so the 

atomic H encounters different geometries in the alkane layer that may make it more or less likely 

to react with certain domains.  However, the STM does not provide information on the azimuthal 

angle of the alkanethiolate tails, so it is not known if the hydrogen is preferentially reacting with 

domains of a certain character, and differences in the reactivity between domains were not 

obvious, making it impossible to draw definitive conclusion as to any differences in reactivity 

based on the orientation of the alkane tails of the standing phase to the gas cracker from the 

current experiment. 



43 

 

To quantify the reaction, Figure 3.6 presents the normalized area fraction of standing-up 

phase on the surface (θ/θmax) as a function of time exposed to hydrogen flux (t). In order to obtain 

relative rates between all four chain lengths, the exposure times for each reaction pair (10C and 

nC, where n = 8, 9, 11) were adjusted such that all three decanethiolate reaction times 

overlapped. A control experiment in which two 10C samples were dosed simultaneously was 

performed to verify that both samples received the same exposure to hydrogen, and variations in 

the Au(111) surface structure did not significantly impact the reactivity. As shown by the graph, 

the rate of SAM reaction with atomic hydrogen decreases with increasing chain length.  

There was no noticeable variance in reactivity based on the odd-/evenness of the chains; 

in all cases, an increase in chain length by one carbon atom caused a proportional increase in 

reaction time.  The orientation of the terminal methyl group of an alkanethiolate SAM varies 

based on the parity: alkanethiolate SAMs with an even number of carbon atoms have a terminal 

methyl group oriented nearly vertically, ~26° from the surface normal, while those with an odd 

number of carbons per molecule are oriented more horizontally, ~53° from the surface 

normal
73,74

.  This has been seen to influence some physical properties such as the wetting and 

friction forces
75–78

, and therefore plausible that a difference in reactivity would be seen.  

However, such an effect was not observed.   

Exponentially modelled curves have also been superimposed on the experimental data. 

All four chain lengths exhibit similar kinetic behavior, as indicated by the comparable shapes of 

the curves; the reactions all begin slowly, but their rates increase as the amount of standing-up 

phase decreases. 
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[Figure 3.6] Plot of the experimental reaction progression of 8C, 9C, 10C and 11C SAMs with 

atomic hydrogen on Au(111). Each data point is a weighted average of measurements from 

several locations on the sample. The error bars correspond to 1σ of the θ values calculated for 

each time point. The exposure times have been adjusted with multiplicative factors so that all of 

the 10C curves overlap, and the coverage has been normalized to exclude the initial etch pits and 

not-standing areas. The model exponential curves are based on two different rates: the length-

independent constant, k2 is 0.17 min
-1

, and the length-dependent constant k1 is 0.0001 min
-1

, 

0.0008 min
-1

, 0.0040 min
-1

, and 0.0250 min
-1

 for 11C, 10C, 9C, and 8C, respectively. 

 

The trends seen in the experimental data of Figure 3.6 suggest that the SAMs’ reactivity 

with hydrogen increases as thiolates are removed and the amount of standing-up area on the 

surface decreases. This implies that low-density thiolate phases react more readily than the close-

packed standing-up phase, in agreement with previous studies that showed greater reactivity at 

defected sites such as grain boundaries and eroded areas.
21

 A model was therefore generated to 

describe the area fraction of standing-up phase on the surface (θ) as a function of time exposed to 

hydrogen flux (t) based on two rate constants (k1 and k2). The first constant, k1, defines the rate at 
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which hydrogen reacts with standing-up phase, while k2 defines the rate of reaction with low-

density phases. The differential equation describing this behavior can be written as 

 

−
𝑑𝜃

𝑑𝑡
= 𝑘1𝜃 + 𝑘2(𝜃𝑚𝑎𝑥 − 𝜃)     (3.1) 

 

where θmax is the surface fraction of standing-up phase at t = 0. Note that both θ and θmax exclude 

the standing-up phase contained in etch pits, for analysis simplicity. Equation 1 therefore 

integrates to 

 

𝜃 =
𝜃𝑚𝑎𝑥⁡

1−(
𝑘1

𝑘2
⁄ )

− 𝐴e(𝑘2−𝑘1)𝑡     (3.2) 

 

For the constant of integration A, when we assume θ(t=0) = θmax (the coverage of standing-up 

phase is monotonically decreasing), we find 

𝐴 =
1

(
𝑘2

𝑘1
⁄ )−1

      (3.3) 

 

 

 When reacting with the standing-up phase, atomic hydrogen must pass through the 

tightly-packed alkane tails in order to reach the reactive sulfur at the surface. Longer chains 

produce both a thicker and more highly-ordered layer, thereby hindering the hydrogen’s 

progress. This implies that k1 should be strongly and inversely dependent on alkanethiolate chain 

length. However, the thickness of low-density SAM phases is independent of chain length, 

suggesting that these areas will react uniformly for all four samples. In this model, k2 was 

therefore required to be the same for each chain length. 
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Equation 2 with a k2 of 0.17 min
-1

 and k1 values ranging from 0.0001 min
-1

 to 0.0250 

min
-1

 produces exponential curves that are in good agreement with the experimental data (Figure 

3.6). These values conform to the expectation that the low-density phases are much more 

reactive than the pristine close-packed domains (k2 ≫ k1). Furthermore, the length-dependent rate 

constants decrease in value exponentially for each additional carbon on the alkane chain. This 

suggests that small increases in chain length cause disproportionately large decreases in the 

standing-up phase’s permeability to hydrogen. However, once the surface has begun reacting, 

further reactivity primarily occurs in low-density regions and all four SAMs exhibit similar 

kinetics. 

A major advantage of using STM for this study is that the reactions can be explored on a 

molecular level, rather than being restricted to statistical averages. Figure 3.7 shows visual 

comparisons of all four types of SAM, both before and after exposure to atomic hydrogen. Prior 

to reaction, the size and density of domains and etch pits are similar across all four samples. 

However, differences in etch pit size and distribution become evident in the 8C and 9C samples 

after exposure. For these shorter chain substrates, the etch pits grow larger, become more 

triangular in shape, and decrease in density across the surface. On the other hand, the etch pits of 

10C and 11C samples do not exhibit any major changes throughout the reaction.  
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[Figure 3.7] Representative 300 nm × 300 nm images of each of the four SAMs (8C, 9C, 10C, 

and 11C) (A) prior to reaction and (B) with 50% standing-up phase coverage remaining. 

Changes in surface morphology, particularly etch pit size and shape, are apparent in the 8C and 

9C samples following hydrogen exposure. 

 

Distributions of etch pit sizes for each chain length are displayed in Figure 3.9. A 

noticeable shift is apparent in the 8C and 9C histograms, indicating an increase in mean etch pit 

area upon reaction. The 10C and 11C histograms, however, remain largely unchanged. 

 Previous work by Poirier investigated etch pit restructuring on low-density 1-

butanethiolate monolayers and found that the etch pits annealed via Oswald ripening.
22,30

 This 

process is observed upon the creation of low-density phases during the reaction of 

alkanethiolates with hydrogen, as seen in Figure 3.8. The extent to which etch pits ripen is 

strongly dependent on chain length: 8C shows the largest amount of rearrangement, followed by 

9C, and little rearrangement is observed in the 10C and 11C samples. This is explained by the 
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stronger intermolecular forces between the long-chain SAM molecules, leading to reduced 

mobility of the thiols and their corresponding gold adatoms across the surface. 

 

 
[Figure 3.8] Histograms of etch pit areas for all four chain lengths prior to atomic hydrogen 

exposure (top) and with 50% standing-up phase coverage remaining (bottom). Shorter chain 

length SAMs show a greater growth in mean etch pit area, with increases of 33 nm
2
, 12 nm

2
, 2 

nm
2
, and 5 nm

2
 for 8C, 9C, 10C and 11C respectively. 

 

3.4 Conclusions 

We have successfully used the direct-imaging capabilities of STM to study the effect of 

temperature on the spatiotemporal evolution of alkanethiolate SAMs reacting with atomic 

hydrogen. It was found that small decreases in film thickness lead to disproportionately large 

increases in reaction rate. The trends in the experimental data demonstrate that previously 
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reacted areas of the surface are more susceptible to hydrogen attack than standing-up phase 

domains. This lead to the exponential modelling of the data with two rates: one for hydrogen 

reacting with standing-up phase, which is dependent on SAM chain length (k1 ranging from 

0.0001 min
-1

 to 0.0250 min
-1

), and one for low-density phase reactions, which is the same for all 

samples (k2 = 0.17 min
-1

). 

In addition to quantifying the relative rates of reaction of the alkanethiolate SAM series, 

STM allowed for the tracking of changes in surface morphology throughout the reaction. Notable 

changes occurred in the size, shape, and density of the samples’ etch pits over the course of 

hydrogen exposure. This was attributed to Oswald Ripening, with the growth of certain etch pits 

at the expense of others, and was seen to have a dependence on chain length. Few changes were 

observed in the 10C and 11C samples, while there was significant growth in mean etch pit area 

for the 8C and 9C SAMs. The weaker intermolecular forces between the shorter-chain molecules 

permit greater mobility of the thiols and their corresponding gold adatoms, allowing for more 

extensive surface rearrangement. 

 This STM study has provided a detailed analysis of the effect of chain length on the 

reaction rate and surface evolution of alkanethiolate SAMs upon exposure to atomic hydrogen. 

Experiments designed to elucidate the mechanism of this reaction are underway, using cryogenic 

cooling to limit the mobility of thiol molecules on the surface.  The first of these experiments is 

detailed in the next chapter. 
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Chapter 4: Temperature-Dependent Reactivity of Alkanethiolate Self-

Assembled Monolayers with Atomic Hydrogen 

4.1 Introduction 

 As discussed in the introduction of Chapter 3, self-assembled monolayers (SAMs) are an 

extremely well-studied system for investigating a variety of properties of organic surfaces where 

it is desired to have a well-ordered and well-characterized surface.  The properties of 

alkanethiolate SAMs are tunable by changing the organic group of the thiols used in making the 

SAMs.  The organic functional groups can be changed to vary the reactivity, wetting, or 

photoactivity.  The thickness of the organic layers can be varied by changing the chain lengths of 

the organic groups. 

In the previous chapter, we used the tunibility of SAMs to investigate the effect that the 

layer thickness had on their reactivity with hydrogen.  We found that the chain length had a large 

effect on the rate of reactivity, with slightly longer chains creating a disproportionately large 

decrease in reactivity. 

In this chapter, we describe an experiment testing the effect of temperature on the 

reactivity of decanethiolate SAMs with atomic hydrogen.  Atomic hydrogen reacts with 

decanethiolate SAMs by traveling through the alkane layer and reacting with the sulfur-carbon 

bond at the surface.
12

  Therefore, cooling the SAM may make it harder for the hydrogen atoms to 

reach the surface by decreasing the thermal motion and forming more well-ordered domains.  

Additionally, our model proposed in Section 3.3 relies on the alkanethiolate molecules on the 

surface being able to move readily during the course of the reaction, so that as some of the 

alkanethiolate molecules are removed and the density decreases, the remaining molecules can 
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relax into the less-dense lying down phases.   Our model assumes the lying-down phases react 

more readily, due to hydrogen not having to traverse the alkane layer present in standing-up 

phase (and also react at roughly the same speed, independent of chain length).  However, at cold 

enough temperature the movement of alkanethiolate molecules on the surface will slow to a point 

that there is no significant rearrangement, and the mechanism of reaction should change 

markedly.  STM is able to image surfaces on a molecular scale, and so changes in reactivity can 

be seen not only in the rates of reactivity, but also the morphology of the surface during the 

course of the reaction. 

 

4.2 Experimental Details 

The experiments in this chapter are carried out with the same experimental setup as 

described in Section 3.2.  An RHK 350 UHV-STM/AFM is used for imaging, while the reaction 

with atomic hydrogen is carried out with a Mantis MGC-75 thermal gas cracker pointed at the 

sample stage. 

 Decanethiolate SAMs were prepared on flame-annealed Au(111)-on-mica substrates 

from Keysight Technologies using solution-deposition methods, as described in Section 3.2. 

STM images were taken with a bias voltage of 0.70 V and a tunneling current set point of 10 pA. 

In contrast to the experiments described in Chapter 3, all of the samples for these experiments 

were mounted individually, with only one type of SAM per run.  All STM image processing was 

performed using Gwyddion, an open-source software for SPM data analysis.
34

  Our exposure 

graph and Arrhenius plot were created with Matlab. 
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 Reactions of decanethiolate SAMs with atomic hydrogen were carried out with the SAM 

held at 3 different temperatures: room temperature (around 295 K), 270K, and 250K.  For the 

reactions at depressed temperatures, the sample was cooled with liquid nitrogen in a flow 

cryostat thermally connected to the sample stage.  The liquid nitrogen on its own will cool the 

sample to around 110 K, colder than we wished to conduct most of the reactions with..  A 

filament underneath the sample is then heated in order to heat the sample from 110 K to the 

experimental temperature.  The filament power is controlled with a Lakeshore 331 Temperature 

Controller, using a thermocouple on the sample as input for a proportional-integral (PI) control 

loop controlling the filament current.  One sample was exposed to decanethiolate at 110 K for a 

total of 135 minutes, and then imaged both at 110 K and after being warmed to room 

temperature. 

  

4.3 Results and Discussion 

Figure 4.1 shows a representative set of STM images for the progression of a sample’s 

reaction at room temperature. The zero-minute panel shows the SAM prior to atomic hydrogen 

exposure, and illustrates the typical features of an alkanethiolate SAM on Au(111), as describe in 

Section 3.3. 
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[Figure 4.1] A succession of STM images of a 1-decanethiol SAM at various time points during 

its exposure to atomic hydrogen at room temperature (295 K).  This is the same type of reactivity 

as seen in all SAMs in chapter 3.  All images are 300 nm × 300 nm, STM imaging conditions 

were 0.7 V, 10 pA. 

 

The reaction at 270 K (Figure 4.2) shows a similar progression to the reaction at room 

temperature, though at a considerably slower rate.  At this colder temperature, the reaction takes 

about twice as long to reach completion. 
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[Figure 4.2] A succession of STM images of a 1-decanethiol SAM at various time points during 

its exposure to atomic hydrogen at 270 K.  This is the same type of reactivity as seen in all 

SAMs in chapter 3.  All images are 300 nm × 300 nm, STM imaging conditions were 0.7 V, 10 

pA. 

 

In contrast to the hydrogen exposures at 295 K and 270 K, the reaction at 250 K exhibits 

different morphology as the reaction progresses (Figure 4.3).  The very initial stages of the 

reaction appear the same, though further delayed: the grain boundaries start to widen and areas 

near etch pits start to erode after around 90 minutes.  However, once the size of the eroded areas 

reach a certain size, small raised spots appear in the reacted area.  As the reaction continues, the 

standing-up domains continue to erode with the small spots filling in the reacted area. 
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[Figure 4.3] A succession of STM images of a 1-decanethiol SAM at various time points during 

its exposure to atomic hydrogen at 250 K.  The progression of the reaction has changed, with 

small gold islands appearing much earlier, while standing-up domains still exist in large numbers 

on the surface.  All images are 300 nm × 300 nm, STM imaging conditions were 0.7 V, 10 pA. 

 

 The difference between the reaction at 250 K as opposed to reactions at warmer 

temperatures can be seen further when the proportion of remaining standing-up phase is plotted 

for each of the reactions against time (Figure 4.4).  The curves of the reactions at 295 K and 270 

K are the same general shape as each other and of all of the different chain length alkanethiols 

from Chapter 3.  The curve of the reaction at 250 K, on the other hand, has a different shape.  It 

begins similarly, with a long time period with little visible reaction, followed by an increasing 

rate of reaction as the surface begins to react.  However, rather than the rate of reaction 

continuing to increase throughout the entire experiment, an inflection point occurs when 

somewhere around 20% of the standing up phase remains, and the rate of reactivity decreases 

sharply, and it takes a significant amount of time to remove the last of the standing-up phase. 
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[Figure 4.4] Plot of the experimental reaction progression of decanethiol SAMs at three different 

temperatures with atomic hydrogen on Au(111).  Each data point is a weighted average of 

measurements from several locations on the sample. The error bars correspond to 1σ of the θ 

values calculated for each time point.  The model exponential curves are based on two different 

rates: the temperature-independent constant, k2 is 0.08 min
-1

, and the length-dependent constant 

k1 is 4 × 10
-6

 min
-1

, 15 × 10
-6

 min
-1

, and 1300 × 10
-6

 min
-1

 for 250K, 270K, and 295K, 

respectively. 

 

The reason for this shift is likely due to the mobility of the alkanethiolate molecules on 

the gold surface during the course of the reaction.  At room temperature, it is known that 

thiolates bonded to the surface can move and rearrange into lower-energy configurations as some 

of them are removed.  This means that as the reaction begins and areas without standing-up 

phase appear, some of the remaining molecules in the standing-up phase relax into lying-down 

phases in the newly cleared area.  It is this property, we believe, that results in the shape of the 

reaction curves during the later part of the exposure at 270 K and 295 K.  The model assumes 
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that lying-down molecules react much more easily with hydrogen than standing-up phase, as the 

hydrogen does not need to make it through unreactive alkane tails to reach the sulfur group.  For 

this reason, as the fraction of the area not standing up increases, the rate of reaction increases 

through the entire reaction. 

 At 250 K, it appears that the molecules do not substantially move during the course of the 

reaction.  No new molecules come from the remaining standing-up phase to fill the reacted areas, 

so the gold adatoms that were incorporated into those areas remain in the area and form gold 

islands.  This also explains the different shape of the graph for the last phases of reactivity.  The 

remaining standing-up phase does not spread over reacted area, so as the fraction of the standing-

up phase is reduced, the hydrogen is less likely to hit a phase of standing-up phase, and the 

reactivity decreases in the very latter stages. 

 The initial stages of the reaction at 250 K do look similar to the warmer reactions.  

Presumably, the initial stages of the reaction, dominated by reaction of atomic hydrogen with the 

decanethiolate standing phases, is not much affected by the diffusion (or lack thereof) of the 

thiolate molecules across the surface.  The reaction speed does initially accelerate in the 250 K 

reaction, perhaps indicating an increase in defected areas near grain boundaries and etch pits, 

where hydrogen has an easier time reaching the surface and reacting with the gold, even if the 

thiolate molecules do not lie down and form striped low-density phases. 

 In additionion decanethiolate SAM to atomic hydrogen at 110 K for 135 minutes, long 

enough that we would have seen a reaction at any of the warmer temperatures from this 

experiment.  No reaction is observed at those temperatures, even after the sample was warmed 

back up to room temperature.  There was a possibility that the alkanethiolate molecules were still 
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getting hydrogenated at that temperature, but that the alkanethiol molecules remained physically 

absorbed to the surface.  The fact that the exposed surface did not change upon warming to room 

temperature suggests that this is not the case, and that the very cold temperature does indeed 

drastically suppress the reaction of atomic hydrogen with alkanethiolate SAMs. 

 The same model of reactivity as in Chapter 3 was used, except with a temperature 

dependent and independent constants instead of chain length dependent and independent.   This 

equation is show in Equation 4.1, where k2 is the temperature independent rate, corresponding 

to reaction with lying down phases, and k1 the temperature dependent rate, corresponding to 

reaction with standing phases. 

 

𝜃 =
𝜃𝑚𝑎𝑥⁡

1−(
𝑘1(𝑇)

𝑘2
⁄ )

− 𝐴e(𝑘2−𝑘1(𝑇))𝑡    (4.1) 

 

Three curves were placed onto the graph in Figure 4.4.  The model does not work for the 

late stages of the reaction at 250 K, so a best guess for parameters was made to fit the curve to 

the earlier stages of the reaction.  There will consequently be greater error in the fitting of the 

250 K rates (if indeed the model is at all valid even in the early stages of that reaction).  An 

Arrhenius plot of the temperature-dependent rate constants is shown in Figure  4.5. 
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[Figure 4.5] Arrhenius plot of the temperature-dependent rate constant.  The extracted activation 

energy is about 110 kJ/mole 

 

The exact values have considerable uncertainty: the modeled curves have two parameters to fit 

with only 3 datasets, leading to a strong possibility of overfitting (especially considering that the 

model breaks down at 250 K).  Additionally, the values for the temperature-dependent rate 

constant are heavily dependent on the value chosen for the temperature-independent rate 

constant, and only at 295 K and 270 K do we believe that the mode of reaction represented by 

that rate constant is present.  There is also no guarantee that the rate of reaction with lying-down 

phases is indeed independent of temperature, as we have assumed.  We do believe that the rate 

limiting step is the hydrogen penetrating the alkane tails of the standing-up phase, while 

hydrogen should react with an exposed sulfur atom with comparatively high speed, justifying 

this assumption, but do not have the data to fully support it at this time.  Doing an additional 

reaction at a temperature where the original mechanism should hold, such as 305 K, would give 

more insight into the validity of this model for the reaction of atomic hydrogen with 
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decanethiolate SAMs at different temperatures.  Keeping in mind these caveats, the Arrhenius 

plot shows an activation energy for the temperature-dependent rate of around 110 kJ/mole.  This 

corresponds to the energy barrier for the hydrogen to diffuse through the alkane tail layer to 

reach the surface.  

 

4.4 Conclusions 

We have successfully used the direct-imaging capabilities of STM to study the effect of 

temperature on the evolution of alkanethiolate SAMs reacting with atomic hydrogen. It was 

found that rate of reaction decreased with decreasing temperatures.  We fit the data with an 

exponential model with two rates: one for hydrogen reacting with standing-up phase, which is 

dependent on SAM chain length (k1 ranging from 4 × 10
-6

 min
-1

 to 1300 × 10
-6

 min
-1

), and one 

for low-density phase reactions, which is the same for both the room temperature and 270 K 

reactions (k2 = 0.08 min
-1

). 

Additionally, the course of the reaction at 250 K changed considerably.  Instead of the 

rate exponentially increasing as the reaction progressed, an inflection point occurred and it took a 

very long amount of time to remove the last 20% or so of the standing phase.  Additionally, 

small gold islands began appearing much earlier in the reaction, leading us to conclude that the 

alkanethiolate molecules on the surface do not appreciably move on the surface at 250 K, while 

they do at 270 K and warmer temperatures. 

 This STM study has provided a preliminary analysis of the effect of chain length on the 

reaction rate and surface evolution of alkanethiolate SAMs upon exposure to atomic hydrogen, 

especially with respect to the faster reaction with lying down phase.  Experiments designed to 
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investigate further the reaction with standing phase are underway, by investigating how 

decreases in temperature affect the rate of reaction of different chain-length alkanethiolates. 
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Appendix 1: Transfer of alkanethiols between samples during reaction with 

atomic hydrogen and subsequent STM imaging 

 An interesting phenomenon was observed while running some of the experiments that are 

described in chapter 3.  These were the reactions where two alkanethiolate SAMs with different 

chain-lengths were exposed at the same time to atomic hydrogen from the thermal gas cracker. 

 In some of the images that were taken after some amount of exposure, but before the 

standing-up phase was completely removed, sometimes the shorter-chain alkanethiolate SAM 

would show bright spots interspaced in the standing-phase areas (see figure A1.3.1).  We 

interpreted this as being some molecules of the longer-chain alkanethiolate intermixed with the 

shorter chain thiolate on the sample.  Intentionally prepared mixed SAMs show that such 

mixtures are possible.
79

 

 It is unknown exactly how the thiol molecules are transferred.  They do not appear to 

transfer from one sample to the other just by sitting next to each other, or by sequential imaging 

of one and then the other, before any exposure to atomic hydrogen has taken place.  The initial 

images taken before any reaction do not show this mixing.  Therefore, it is probable that the 

action of atomic hydrogen on the SAMs is necessary for the mixing that was observed.  The 

atomic hydrogen hydrogenates the alkanethiol, which then leave the surface.  It is possible that 

some of the thiols within the chamber then re-deposit onto the other sample from the gas phase.   

It is also possible that the thiols are being transported by the tip when moving from one 

sample to the other.  We do know that the tip can become polluted with molecules.  We 

occasionally see a tip change, and after imaging the same area again, a large deposit of material 

that came from the tip and caused the tip change when it left (See figure A1.3.1).  There are a 
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couple ways that thiol molecules could make their way onto the tip.  The tip remains several 

centimeters directly above the sample during exposure to atomic hydrogen, so thiols that react 

and enter the gas phase might impact the tip and then stick.  It’s also possible that some of the 

reacted molecules are still physisorbed on the surface, and when the tip is lowered for imaging it 

picks some of the molecules up. 

 

[Figure A1.1] Image showing the bright spots occurring during the reaction of 2 samples of 

different chain lengths.  This is an image of a nonanethiol SAM which was reacted along with a 

decanethiol SAM, after exposure to 10 minutes of atomic hydrogen. 
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Appendix 2: Raw Data Referenced for Figures 

This section contains images that were used in measuring reacted area for the 

experiments presented in this thesis, as well as the file name.  These images were acquired with 

the RHK UHV-350 AFM/STM.  All of the images used in this thesis are in an electronic 

repository with the Steve Sibener Group. 
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Figure A2.1 

 

 

These are the images used in constructing the 8 carbon plot in Figure 3.6 
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Figure A2.1 (con) 

 

Directory: Appendix\8_10C Run\8C 

 

Filenames: Starting at top left, going across the rows: 

2018_04_17_SplitCrystal_8C_0min0004 

2018_04_17_SplitCrystal_8C_0min0010 

2018_04_17_SplitCrystal_8C_0min0012 

2018_04_17_SplitCrystal_8C_5min0028 

2018_04_17_SplitCrystal_8C_5min0033 

2018_04_17_SplitCrystal_8C_5min0036 

2018_04_18_SplitCrystal_8C_5min0003 

2018_04_18_SplitCrystal_8C_5min0017 

2018_04_18_SplitCrystal_8C_8min0035 

2018_04_18_SplitCrystal_8C_8min0038 

2018_04_19_SplitCrystal_8C_8min0007 

2018_04_19_SplitCrystal_8C_10min0018 

2018_04_20_SplitCrystal_8C_10min0025 

2018_04_20_SplitCrystal_8C_10min0029 

2018_04_23_SplitCrystal_8C_11min0002 

2018_04_23_SplitCrystal_8C_11min0008 

2018_04_23_SplitCrystal_8C_11min0011 

2018_04_23_SplitCrystal_8C_12min0035 

2018_04_23_SplitCrystal_8C_12min0037 

2018_04_24_SplitCrystal_8C_13min0017 
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Figure A2.2 

 

 
 

These are the first 30 images used in constructing the 10 carbon plot in Figure 3.6 that was 

acquired at the same time as the 8C reaction 
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Figure A2.2 (con) 

 

Directory: Appendix\8_10C Run\10C 

 

Filenames: Starting at top left, going across the rows: 

2018_04_26_SplitCrystal_10C_19min0018 

2018_04_17_SplitCrystal_10C_0min0020 

2018_04_17_SplitCrystal_10C_0min0022 

2018_04_17_SplitCrystal_10C_0min0025 

2018_04_17_SplitCrystal_10C_5min0038 

2018_04_18_SplitCrystal_10C_5min0022 

2018_04_18_SplitCrystal_10C_5min0027 

2018_04_18_SplitCrystal_10C_8min0044 

2018_04_18_SplitCrystal_10C_8min0046 

2018_04_18_SplitCrystal_10C_8min0047 

2018_04_19_SplitCrystal_10C_8min0001 

2018_04_19_SplitCrystal_10C_8min0003 

2018_04_19_SplitCrystal_10C_10min0010 

2018_04_19_SplitCrystal_10C_10min0013 

2018_04_19_SplitCrystal_10C_10min0015 

2018_04_20_SplitCrystal_10C_10min0033 

2018_04_23_SplitCrystal_10C_11min0016 

2018_04_23_SplitCrystal_10C_11min0024 

2018_04_23_SplitCrystal_10C_11min0026 

2018_04_24_SplitCrystal_10C_12min0003 

2018_04_24_SplitCrystal_10C_12min0004 

2018_04_24_SplitCrystal_10C_12min0006 

2018_04_24_SplitCrystal_10C_12min0007 

2018_04_24_SplitCrystal_10C_13min0019 

2018_04_24_SplitCrystal_10C_13min0021 

2018_04_24_SplitCrystal_10C_13min0028 

2018_04_26_SplitCrystal_10C_16min0001 

2018_04_26_SplitCrystal_10C_16min0002 

2018_04_26_SplitCrystal_10C_16min0003 

2018_04_26_SplitCrystal_10C_16min0005 
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Figure A2.3 

 

 
 

These are the final 18 images used in constructing the 10 carbon plot in Figure 3.6 that was 

acquired at the same time as the 8C 
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Figure A2.3 (con) 

 

Directory: Appendix\8_10C Run\10C 

 

Filenames: Starting at top left, going across the rows: 

2018_04_27_SplitCrystal_10C_19min0002 

2018_04_27_SplitCrystal_10C_19min0006 

2018_04_27_SplitCrystal_10C_19min0009 

2018_04_30_SplitCrystal_10C_23min0003 

2018_04_30_SplitCrystal_10C_23min0005 

2018_04_30_SplitCrystal_10C_23min0008 

2018_04_30_SplitCrystal_10C_23min0016 

2018_04_30_SplitCrystal_10C_23min0019 

2018_04_30_SplitCrystal_10C_23min0020 

2018_04_30_SplitCrystal_10C_27min0026 

2018_04_30_SplitCrystal_10C_27min0029 

2018_04_30_SplitCrystal_10C_27min0030 

2018_04_30_SplitCrystal_10C_27min0032 

2018_05_01_SplitCrystal_10C_30min0012 

2018_05_01_SplitCrystal_10C_30min0015 

2018_05_01_SplitCrystal_10C_30min0017 

2018_05_01_SplitCrystal_10C_34min0028 

2018_05_02_SplitCrystal_10C_34min0000 
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Figure A2.4 

 

 
 

These are the images used in constructing the 9 carbon plot in Figure 3.6  
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Figure A2.4 

 

Directory: Appendix\9_10C Run\9C 

 

Filenames: Starting at top left, going across the rows: 

2018_03_28_split_sample2_9C_unreactred0005 

2018_03_28_split_sample2_9C_10min0031 

2018_03_29_split_sample2_9C_10min0001 

2018_03_29_split_sample2_9C_10min0003 

2018_03_29_split_sample2_9C_20min0037 

2018_03_29_split_sample2_9C_20min0040 

2018_03_29_split_sample2_9C_20min0042 

2018_03_29_split_sample2_9C_20min0042b 

2018_03_29_split_sample2_9C_20min0051 

2018_03_29_split_sample2_9C_20min0052 

2018_03_30_split_sample2_9C_25min0014 

2018_03_30_split_sample2_9C_25min0017 

2018_03_30_split_sample2_9C_25min0018 

2018_03_30_split_sample2_9C_25min0024 

2018_04_01_split_sample2_9C_25min0005 

2018_04_01_split_sample2_9C_25min0006 

2018_04_01_split_sample2_9C_30min0028 

2018_04_01_split_sample2_9C_30min0029 

2018_04_01_split_sample2_9C_30min0030 

2018_04_01_split_sample2_9C_30min0031 

2018_04_02_split_sample2_9C_30min0001 

2018_04_02_split_sample2_9C_35min0033 

2018_04_02_split_sample2_9C_35min0034 

2018_04_03_split_sample2_9C_40min0023 

2018_04_03_split_sample2_9C_40min0023_final 

2018_04_03_split_sample2_9C_40min0028 

2018_04_03_split_sample2_9C_45min0048 

2018_04_04_split_sample2_9C_45min0007 

2018_04_04_split_sample2_9C_50min0010 
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Figure A2.5 

 

 
 

These are the first 30 images used in constructing the 10 carbon plot in Figure 3.6 that was 

acquired at the same time as the 9C reaction 
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Figure A2.5 (con) 

 

Directory: Appendix\9_10C Run\10C 

 

Filenames: Starting at top left, going across the rows: 

2018_03_28_split_sample2_10C_unreactred0003 

2018_03_28_split_sample2_10C_10min0007 

2018_03_28_split_sample2_10C_10min0009 

2018_03_28_split_sample2_10C_10min0012 

2018_03_28_split_sample2_10C_10min0020 

2018_03_29_split_sample2_10C_20min0009 

2018_03_29_split_sample2_10C_20min0014 

2018_03_29_split_sample2_10C_20min0017 

2018_03_29_split_sample2_10C_20min0022 

2018_03_29_split_sample2_10C_20min0027 

2018_03_30_split_sample2_10C_25min0011 

2018_03_30_split_sample2_10C_25min0012 

2018_04_01_split_sample2_10C_25min0001 

2018_04_01_split_sample2_10C_30min0010 

2018_04_01_split_sample2_10C_30min0013 

2018_04_01_split_sample2_10C_30min0014 

2018_04_01_split_sample2_10C_30min0017 

2018_04_02_split_sample2_10C_35min0009 

2018_04_03_split_sample2_10C_35min0002 

2018_04_03_split_sample2_10C_35min0005 

2018_04_03_split_sample2_10C_40min0009 

2018_04_03_split_sample2_10C_40min0018 

2018_04_03_split_sample2_10C_45min0041 

2018_04_03_split_sample2_10C_45min0043 

2018_04_04_split_sample2_10C_50min0020 

2018_04_04_split_sample2_10C_50min0021 

2018_04_05_split_sample2_10C_50min0009 

2018_04_05_split_sample2_10C_55min0012 
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Figure A2.6 

 

 
 

These are the final 8 images used in constructing the 10 carbon plot in Figure 3.6 that was 

acquired at the same time as the 9C reaction 

 

Directory: Appendix\9_10C Run\10C 

 

Filenames: Starting at top left, going across the rows: 

2018_04_05_split_sample2_10C_55min0018 

2018_04_05_split_sample2_10C_60min0032 

2018_04_05_split_sample2_10C_60min0038 

2018_04_09_split_sample2_10C_60min0003 

2018_04_09_split_sample2_10C_60min0007 

2018_04_09_split_sample2_10C_65min0023 

2018_04_10_split_sample2_10C_65min0002 

2018_04_11_split_sample2_10C_70min0001 
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Figure A2.7 

 

 
 

These are the first 30 images used in constructing the 11 carbon plot in Figure 3.6  
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Figure A2.7 (con) 

 

Directory: Appendix\11_10C Run\11C 

 

Filenames: Starting at top left, going across the rows: 

2018_05_11_5SplitCrystal_11C_0min0004 

2018_05_14_5SplitCrystal_11C_0min0008 

2018_05_14_5SplitCrystal_11C_0min0013 

2018_05_15_5SplitCrystal_11C_15min0020 

2018_05_15_5SplitCrystal_11C_15min0022 

2018_05_15_5SplitCrystal_11C_15min0027 

2018_05_15_5SplitCrystal_11C_15min0036 

2018_05_15_5SplitCrystal_11C_15min0040 

2018_05_15_5SplitCrystal_11C_15min0045 

2018_05_15_5SplitCrystal_11C_15min0047 

2018_05_16_5SplitCrystal_11C_15min0002 

2018_05_16_5SplitCrystal_11C_20min0038 

2018_05_16_5SplitCrystal_11C_20min0042 

2018_05_17_5SplitCrystal_11C_20min0001 

2018_05_17_5SplitCrystal_11C_20min0007 

2018_05_17_5SplitCrystal_11C_25min0036 

2018_05_17_5SplitCrystal_11C_25min0040 

2018_05_17_5SplitCrystal_11C_25min0042 

2018_05_17_5SplitCrystal_11C_25min0043 

2018_05_18_5SplitCrystal_11C_25min0002 

2018_05_18_5SplitCrystal_11C_25min0003 

2018_05_18_5SplitCrystal_11C_25min0005 

2018_05_18_5SplitCrystal_11C_30min0022 

2018_05_18_5SplitCrystal_11C_30min0025 

2018_05_18_5SplitCrystal_11C_30min0027 

2018_05_18_5SplitCrystal_11C_30min0029 

2018_05_18_5SplitCrystal_11C_30min0032 

2018_05_21_5SplitCrystal_11C_35min0016 

2018_05_21_5SplitCrystal_11C_35min0021 

2018_05_21_5SplitCrystal_11C_35min0023 
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Figure A2.8 

 

 
 

These are the final 30 images used in constructing the 11 carbon plot in Figure 3.6  
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Figure A2.8 (con) 

 

Directory: Appendix\11_10C Run\11C 

 

Filenames: Starting at top left, going across the rows: 

2018_05_21_5SplitCrystal_11C_35min0024 

2018_05_22_5SplitCrystal_11C_35min0002 

2018_05_22_5SplitCrystal_11C_35min0004 

2018_05_23_5SplitCrystal_11C_40min0002 

2018_05_23_5SplitCrystal_11C_40min0004 

2018_05_23_5SplitCrystal_11C_40min0005 

2018_05_24_5SplitCrystal_11C_45min0008 

2018_05_24_5SplitCrystal_11C_45min0011 

2018_05_24_5SplitCrystal_11C_45min0014 

2018_05_24_5SplitCrystal_11C_45min0015 

2018_05_24_5SplitCrystal_11C_45min0016 

2018_05_24_5SplitCrystal_11C_45min0018 

2018_05_24_5SplitCrystal_11C_45min0019 

2018_05_25_5SplitCrystal_11C_50min0003 

2018_05_25_5SplitCrystal_11C_50min0005 

2018_05_25_5SplitCrystal_11C_50min0006 

2018_05_25_5SplitCrystal_11C_50min0008 

2018_05_25_5SplitCrystal_11C_50min0011 

2018_05_25_5SplitCrystal_11C_50min0012 

2018_05_25_5SplitCrystal_11C_50min0013 

2018_05_25_5SplitCrystal_11C_50min0014 

2018_05_28_5SplitCrystal_11C_55min0003 

2018_05_28_5SplitCrystal_11C_55min0004 

2018_05_28_5SplitCrystal_11C_55min0008 

2018_05_28_5SplitCrystal_11C_55min0010 

2018_05_28_5SplitCrystal_11C_55min0011 

2018_05_28_5SplitCrystal_11C_55min0012 

2018_05_28_5SplitCrystal_11C_55min0014 

2018_05_28_5SplitCrystal_11C_55min0015 

2018_05_28_5SplitCrystal_11C_55min0016 
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Figure A2.9 

 

 
 

These are the images used in constructing the 10 carbon plot in Figure 3.6 that was acquired at 

the same time as the 8C reaction 
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Figure A2.9 (con) 

 

Directory: Appendix\11_10C Run\10C 

 

Filenames: Starting at top left, going across the rows: 

2018_05_24_5SplitCrystal_10C_45min0006 

2018_05_10_5SplitCrystal_10C_0min0001 

2018_05_11_5SplitCrystal_10C_0min0014 

2018_05_14_5SplitCrystal_10C_0min0004 

2018_05_15_5SplitCrystal_10C_15min0002 

2018_05_15_5SplitCrystal_10C_15min0003 

2018_05_16_5SplitCrystal_10C_20min0012 

2018_05_16_5SplitCrystal_10C_20min0018 

2018_05_16_5SplitCrystal_10C_20min0023 

2018_05_17_5SplitCrystal_10C_25min0010 

2018_05_17_5SplitCrystal_10C_25min0015 

2018_05_18_5SplitCrystal_10C_30min0010 

2018_05_21_5SplitCrystal_10C_30min0002 

2018_05_21_5SplitCrystal_10C_35min0005 

2018_05_21_5SplitCrystal_10C_35min0007 

2018_05_21_5SplitCrystal_10C_35min0012 

2018_05_21_5SplitCrystal_10C_35min0014 

2018_05_22_5SplitCrystal_10C_40min0006 
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Figure A2.10 

 

 
 

These are the images where the etch pits were measured and used to create the histograms in 

Figure 3.9 from the 8-carbon SAM 

 

Directory: Appendix\EtchPits\8C 

 

Filenames: Starting at top left, going across the rows: 

2018_04_17_SplitCrystal_8C_0min0010 

2018_04_20_SplitCrystal_8C_10min0026 

2018_04_18_SplitCrystal_8C_8min0038 

2018_04_19_SplitCrystal_8C_10min0018 

2018_04_20_SplitCrystal_8C_10min0025  
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Figure A2.11 

 

 
 

These are the images where the etch pits were measured and used to create the histograms in 

Figure 3.9 from the 9-carbon SAM 

 

Directory: Appendix\EtchPits\9C 

 

Filenames: Starting at top left, going across the rows: 

2018_03_28_split_sample2_9C_unreactred0005 

2018_03_29_split_sample2_9C_10min0001 

2018_04_04_split_sample2_9C_45min0007 

2018_04_03_split_sample2_9C_45min0048 

2018_04_03_split_sample2_9C_45min0050 
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Figure A2.12 

 

 
 

These are the images where the etch pits were measured and used to create the histograms in 

Figure 3.9 from the 10-carbon SAM 

 

Directory: Appendix\EtchPits\10C 

 

Filenames: Starting at top left, going across the rows: 

2018_04_17_SplitCrystal_10C_0min0022 

2018_04_05_split_sample2_10C_60min0036 

2018_04_05_split_sample2_10C_60min0038 
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Figure A2.13 

 

 
 

These are the images where the etch pits were measured and used to create the histograms in 

Figure 3.9 from the 11-carbon SAM 

 

Directory: Appendix\EtchPits\11C 

 

Filenames: Starting at top left, going across the rows: 

2018_05_11_5SplitCrystal_11C_0min0004 

2018_05_25_5SplitCrystal_11C_50min0006 

2018_05_25_5SplitCrystal_11C_50min0008 

2018_05_25_5SplitCrystal_11C_50min0003 

 

  



86 

 

Figure A2.14 

 

 
 

These are the images used in constructing the 250 K plot in Figure 4.4  
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Figure A2.14 (con) 

 

Directory: Appendix\250K 

 

Filenames: Starting at top left, going across the rows: 

2018_12_10_SAM_60min_250K_ImagedRT0001 

2018_12_10_SAM_60min_250K_ImagedRT0004 

2018_12_10_SAM_90min_250K_Imaged250K0015 

2018_12_10_SAM_90min_250K_Imaged250K0025 

2018_12_10_SAM_90min_250K_Imaged250K0028 

2018_12_10_SAM_105min_250K_Imaged250K0034 

2018_12_10_SAM_105min_250K_Imaged250K0040 

2018_12_11_SAM_105min_250K_Imaged250K0001 

2018_12_11_SAM_120min_250K_Imaged250K0009 

2018_12_11_SAM_120min_250K_Imaged250K0018 

2018_12_11_SAM_135min_250K_Imaged250K0024 

2018_12_11_SAM_135min_250K_Imaged250K0028 

2018_12_11_SAM_135min_250K_Imaged250K0032 

2018_12_11_SAM_150min_250K_Imaged250K0043 

2018_12_12_SAM_165min_250K_Imaged250K0001 

2018_12_12_SAM_165min_250K_Imaged250K0005 

2018_12_12_SAM_165min_250K_Imaged250K0011 

2018_12_12_SAM_180min_250K_Imaged250K0013 

2018_12_12_SAM_180min_250K_Imaged250K0015 

2018_12_12_SAM_195min_250K_Imaged250K0031 
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Figure A2.15 

 

 
 

These are the images used in constructing the 270 K plot in Figure 4.4  

 

Directory: Appendix\270K 

 

Filenames: Starting at top left, going across the rows: 

2018_12_20_SAM_0min_RT0006 

2018_12_20_SAM_0min_RT0017 

2018_12_20_SAM_60min_270k0028 

2018_12_20_SAM_60min_270k0029 

2018_12_20_SAM_60min_270k0035 

2018_12_20_SAM_75min_270k0040 

2018_12_20_SAM_75min_270k0043 

2018_12_20_SAM_75min_270k0045 

2018_12_20_SAM_75min_270k0049 

2018_12_20_SAM_90min_270k0051 

2018_12_20_SAM_90min_270k0052 

2018_12_20_SAM_90min_270k0054 

2018_12_20_SAM_90min_270k0056 

2018_12_21_SAM_105min_270k0004 

2018_12_21_SAM_105min_270k0008 

2018_12_21_SAM_120min_270k0014 
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Figure A2.16 

 

 
 

These are the images used in constructing the room temperature plot in Figure 4.4  

 

Directory: Appendix\Room_Temp 

 

Filenames: Starting at top left, going across the rows: 

2018_11_20_10CSAM0016 

2018_11_21_10CSAM_20min_reaction0005 

2018_11_21_10CSAM_20min_reaction0011 

2018_11_21_10CSAM_30min_reaction0023 

2018_11_21_10CSAM_40min_reaction0032 

2018_11_21_10CSAM_40min_reaction0038 

2018_11_25_10CSAM_40min_reaction0000 

2018_11_25_10CSAM_45min_reaction0002 

2018_11_25_10CSAM_45min_reaction0004 

2018_11_25_10CSAM_50min_reaction0006 

2018_11_25_10CSAM_50min_reaction0008 

2018_11_25_10CSAM_55min_reaction0015 
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