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ABSTRACT 

SUB-MOLECULAR DETAILS IN THE STM IMAGING OF 4-NITROPHENYL THIOLATE 
SELF-ASSEMBLED MONOLAYERS 

 

Goli Pourmand Advisor: 
University of Guelph, 2018 Dr. Aziz Houmam 
 

Self-assembled monolayers (SAMs) on solid surfaces and in particular aromatic SAMs, 

attracted considerable attention in recent years due to their unique electrical properties. Low 

packing density and irreproducibility are common problems associated with aromatic SAMs. In 

this study, a wide range of modification conditions were used to achieve high coverage SAMs 

for two common aromatic precursors, 4-nitrothiophenol and bis(4-nitrophenyl) disulfide. 

Characterization of the SAMs prepared from 4-nitrothiophenol using a number of techniques 

including scanning tunneling microscopy (STM) demonstrated the formation of highly packed 

aromatic SAMs along with observation of distinct superstructures on gold that with further 

analysis revealed the ability of STM to image sub-molecular details of molecules. SAMs 

prepared from the disulfide lead to a chemically similar monolayer but revealed a much lower 

coverage with no superstructures. Our results show that these distinct features are most likely 

induced by SAM stress and the molecules which are involved in making these structures are in a 

frozen state allowing for the sub molecular details to be observed by STM. 
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Chapter 1. Introduction 

1.1 Motivation 

Scanning probe microscopy techniques, particularly scanning tunneling microscopy 

(STM), have been used extensively to investigate the morphology of self-assembled monolayers 

(SAMs) and to determine the molecular arrangement of adsorbates on solid surfaces. STM 

provides topographic images of structures on the surface that allows for determination of several 

properties of the SAMs including coverage, uniformity, defects, adsorption sites, etc. Despite 

these great uses, the information obtained by STM is still elusive. In particular the origin of the 

observed structures and contrasts have not been fully understood and several outstanding 

questions such as: What is actually being imaged by STM? (the terminal, S head group or 

molecular backbone), is STM able to show sub-molecular details of the molecules? remain to be 

answered. 

There have been a few attempts to address some of these questions for example, constant-

height STM of aliphatic SAMs by Zeng et al. revealed variations in the shape and brightness of 

the adsorbed molecules with changing the bias voltage.1 It was concluded that, surface 

topography dominates the STM images by demonstrating  the ability of STM to image the 

terminal group of SAM. STM studies of 4-nitrophenyl thiolate SAMs on Au(111) in the 

Houmam group is another example that  provided interesting insights into the nature of the bright 

spots observed in STM imaging and their relation to the imaged structure.2 The SAMs were 

obtained through use of 4-nitrophenyl sulfenyl chloride as a precursor and the STM images 

showed sub-molecular details that have not been reported previously. It was suggested that both 

oxygen atoms of the terminal nitro group of the precursor molecules were visualized by STM. 

This is an indication that the STM tip is in principle capable of providing the structural details of 
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the terminal group. Despite this strong proof of principal, the ability of the STM to uncover the 

sub-molecular details of SAMs still remains elusive.  

The idea of the present study is to use different precursors to generate similar nitophenyl 

thiolate SAMs on gold surfaces. The two precursors to be investigated are the 4-nitrothiophenol 

and the bis(4-nitrophenyl) disulfide. Some main questions we are hoping to answer include 

whether these precursors can form high coverage SAMs on gold surfaces comparable to what 

was obtained using the 4-nitrophenyl sulfenyl chloride and whether the STM images of the 

SAMs obtained using these precursors show the same very unique hexagonal features 

corresponding to sub-molecular structures observed for the sulfenyl chloride SAMs. 

1.2 Objectives of Thesis 

The overall goals of this study are to produce high coverage aromatic SAMs and provide 

fundamental insight into the STM ability to image the end group of nitro terminated aromatic 

SAMs at atomic resolution by investigating the origin of the various features and contrasts 

obtained in STM images. Aromatic SAMs attracted considerable attention because of their 

unique properties that make them desirable for molecular electronics. Obtaining long-range 

ordered aromatic SAMs are far more challenging compared to aliphatic SAMs. Thus, we are yet 

to overcome the limitations including short range SAMs with inferior quality, low packing 

densities and irreproducibility that are generally encountered with aromatic thiols that also 

undergo oxidation to disulfides and sulfonates in solution. 

In this study, a wide range of modification conditions have been used to achieve high 

coverage SAMs from 4-nitrothiophenol and bis(4-nitrophenyl) disulfide on Au (111), and 

subsequently a number of techniques including CV, XPS, PM-IRRAS and STM have been 
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employed to characterize the produced SAMs. STM was used to obtain high resolution 

topographic images of the obtained SAMs in order to determine the coverage and arrangement of 

the molecules on the gold surface and to understand the origin of contrasts observed in high 

coverage SAMs. 

The main goals of this study are: 

1) To achieve high coverage SAMs using 4-nitrothiophenol and bis (4-nitrophenyl) disulfide 

as precursors on Au (111) surface under a wide range of modification conditions. 

2) To characterize the nitrophenyl thiolate SAMs on Au (111) using techniques including 

CV, XPS, PM-IRRAS and STM 

3) To provide more evidence into the poorly understood origin of the various structures and 

variation in brightness obtained in STM images of SAMs 

4) To demonstrate the ability of the STM to capture sub-molecular details of standing up 

nitrophenyl thiolate SAMs on Au(111). 

1.3 Scope of Thesis 

This thesis contains five chapters. Chapter one outlines the motivations of this work and 

highlights its major goals. Chapter two provides an in-depth literature review into the area of 

organic thin films and in particular, self-assembled monolayers on gold, their characteristics in 

terms of mechanism, growth, interfacial properties and finally interpretation of STM images of 

organosulfur SAMs. Chapter three describes chemicals, sample preparation and the experimental 

techniques used throughout this work. Chapter four presents the findings with regard to the 

aromatic SAMs formation on Au surfaces using 4-nitrothiophenol and bis(4-nitrophenyl) 

disulfide as precursors. For surface characterization, techniques including STM, XPS, PM-
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IRRAS and CV are used. In the context of this thesis, a monolayer (ML) is the number of 

molecules per gold atom. Chapter five presents a summary and future directions of this work. 
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Chapter 2. Literature Review 

2.1 General Background  

Self-assembled monolayers (SAMs) were subject to extensive studies in the last three 

decades due to their wide potential range of applications, their well-defined structures, and the 

ease of their fabrication. The history of SAMs goes back to the observation reported by the 

Roman philosopher Pliny the Elder in 78 AD describing the effect of oil on water.3 He noticed 

that the sailing of a ship is different when water is covered with greasy material. This simple 

observation inspired many scientists later such as Benjamin Franklin,4 Lord Rayleigh,3 and 

Agnes Pockels.5 A series of experiments were performed such as spreading oil on a pond, 

calculating the thickness of the oil layer and developing a technique to measure the surface 

tension of surfactant films on water. These studies on thin films, set the stage for Irving 

Langmuir and Katharine Blodgett to successfully develop the Langmuir–Blodgett (LB) film by 

collecting amphiphilic molecules (i.e fatty acids) on the water surface.3, 6 Langmuir and Blodgett 

received the Nobel Prize in chemistry in 1932 for their outstanding work in surface chemistry. 

Their work has been then followed by Zisman who pioneered the self-assembly monolayer field 

and made a significant contribution in this area.7 From Zisman work, in the late 1970s, Sagiv, 

successfully deposited organosilanes onto SiO2, Si, Ge and ZnSe surfaces.8 Subsequently in the 

early 1980s, Nuzzo & Allara prepared monolayers of alkanethiolates on gold by adsorption from 

dilute solutions of n-alkyl disulfides which then became the most popular SAM system and 

brought SAMs into the mainstream scientific consciousness.9 Scientific interest in monolayer 

films sored since then and revolutionized the field of organic thin films. Self-assembly and 

Langmuir methods have been routinely used for the fabrication of thin films on various 

substrates.  
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2.2 Langmuir-Blodgett Technique 

The method of forming thin films was developed by Irving Langmuir and his assistant 

Katharina Blodgett in the 1930s.10 When amphiphilic molecules arrive at the air/water interface, 

molecules orient with their hydrophilic headgroup to the water while the hydrophobic head 

pointing into the air. Later, these films were deposited on a solid surface by dipping a solid 

substrate into the liquid with a constant speed. A monolayer with very accurate thickness was 

adsorbed homogeneously with each immersion and repeated immersion result in the formation of 

a multilayer. The stability as well as the efficient packing of the LB films depend on the strength 

of the intermolecular interaction between adjacent molecules in the layer. A similar methodology 

adapted from the LB procedure is the Langmuir-Schaefer (LS) technique, where horizontal 

lifting achieves the deposition.11,12 Figure 2-1 shows the experimental set up for the deposition of 

Langmuir, LB and LS films.  

While these techniques are simple, they lead in general to the formation of films with low 

mechanical and chemical stability. Post preparation via transfer of preassembled monolayers to 

the substrate also lead to instability in the monolayer. Self-assembly is an alternative technique 

and will be discussing in more details in the following part. 
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Figure 2-1. Scheme of Langmuir–Blodgett (left) and Langmuir–Schaefer (right). 

2.3 Self-Assembled Monolayers (SAMs) 

SAMs are simple to obtain and are useful in tailoring the interfacial properties of 

semiconductors and metals. The principle of the formation of self-assembled monolayers 

involves the spontaneous adsorption of molecules from a liquid or a gas phase on a solid 

substrate or liquid surfaces to form organized monomolecular layers which result in crystalline 

or semi-crystalline structures.13 

The surface on which a SAM forms is referred to as a substrate and the choice of the 

substrate depends on the downstream applications of the SAMs and the techniques used to 

characterize the obtained films. The surface can be a flat surface such as silicon, glass or Mica; 

or highly curved nanostructures such as colloids, nanocrystals. Flat substrates are extensively 

used because they are cheaper and compatible with a number of surface analysis techniques.13 

The most common flat substrates for alkanethiol SAMs are thin films of metals such as 

gold deposited on silicon wafers, glass or mica.14,15 Amongst them freshly cleaved mica support 
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is easier to produce without the need for the primer layer and is compatible with more surface 

analysis techniques.16,17  

Several methods have been used to prepare the thin film of metals such as physical vapor 

deposition (PVD) methods18 and electro-deposition.19 PVD is by far the most commonly used 

method in the field. 

SAMs of organosulfur compounds are formed, most commonly on wide range of thin 

film metals including coinage metals (Au, Ag, Cu), palladium, platinum, nickel and alloys.13 

Silver and copper are the most studied substrates after gold, but they oxidize readily in air, so the 

surfaces of these metals become rougher and more heterogeneous with extended exposure.20,21 

Gold on the other hand has several characteristics that makes it favorable to be used as a 

substrate for studying SAMs. Preparation of flat thin films of gold can be achieved by different 

methods including physical vapor deposition, sputtering or electrodeposition. It is easy to handle 

the gold samples under atmospheric conditions, because gold is an inert metal, and does not react 

with most chemicals.22 Using anchoring molecules with different head groups, various SAMs 

have been prepared and characterized, for example organosilanes (alkyltrichlorosilanes, 

alkylalcoxysilanes, alkylaminosilanes) on SiO2/Si,23 Al2O3/Al,24,25 glass,26 mica,27 hydrocarbons 

on silicon28 and organosulfur compounds on clean metals.9,29  

Because of the high affinity of sulfur to gold, compounds with a sulfur-containing head 

group constitute the major class of self-assembled films.22,30 The most important SAMs, are 

those of alkanethiols,29 organic thiocyanates31,32 and other sulfur containing compounds, like 

dithiols,33 disulfides9 and sulfides34 with both aliphatic and aromatic molecular backbones. 
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2.4 Organosulfur Self-Assembled Monolayers (SAMs) on Gold  

2.4-1 Self-Assembled Monolayer Structure 

The self-assembled monolayers precursors consist typically of three components, the 

head group, the molecular backbone, and the end group or surface-active group (Figure 2-2).22 

 

 

Figure 2-2. Schematic diagram showing the constituents of a SAM-molecule. 

The head group is mostly sulfur because of high affinity of sulfur on nobel metals. The 

molecular backbone of the precursor determines the SAM structure, the thickness and the 

electronic conductivity. The interactions between the backbone chains (van der Waals, dipole or 

π-π interaction) contribute to the stability of the SAM. This organic moiety that connects the 

head and end groups can be aliphatic or aromatic. The end-group is useful to functionalize the 

surface and confers specific properties to the surface. SAMs on Au(111) with various functional 

groups such as CF3,35 -NO2,36 -OH,37 -COOH,38 -NH2,39 -SH40 and  -CN40 have been studied. A 
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small change in the end group can endow a significant change in the physical and chemical 

properties of the organic SAMs.40,22 

Once the molecules adsorb on the surface, they organize themselves into various ordered 

and closely packed arrangements. Figure 2-3 shows the orientation of adsorbed molecules in 

closely packed SAMs on the substrate. Three angles are used to describe the orientation of 

adsorbed molecule in standing up configurations. The tilt angle (α) is the angle between the 

molecular backbone and the surface normal. The twist angle (β) tells about the C-C-C plane 

rotation with respect to the molecular axes. The azimuthal angle (χ) is the angle between the 

projection of the molecule on the surface and the next-neighboring molecule.41  The molecular 

orientation of adsorbed molecules may vary depending on the substrate, the molecular backbone 

and the deposition conditions. As illustrated in Figure 2-3b the tilt angle (α) can be either 

positive or negative and the twist angle (β) can have values ranging from 0° to 90°. For example, 

the largest tilt angles α (near 30°) have been reported for gold, whereas for the same molecules 

with highly oriented structures the observed tilt angle is close to 10° on silver and a 0° on 

mercury.22 
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Figure 2-3. a) Scheme of an adsorbed alkanethiol molecule on Au(111) in close-packed 

structure. b) Schematic diagram illustrating the view of an all-trans conformer of individual 

alkanethiol molecule on a surface. (Adapted with permission from reference 12). 

 

2.4-2 The Growth of SAM on Gold  

Organosulfur molecules adsorb on gold surfaces with two different methods: 1) Solution-

phase and 2) Gas-phase. The mechanism of reaction and the kinetics of SAMs of organosulfur 

compounds on gold in gas and solution have been extensively studied by multiple research 

groups and they all have shown that SAM growth on surface is a multi-step process.42,43,44,45 The 

transport of the adsorbate to the solid substrate began with the physisorption of molecules 

followed by chemisorption of the head group onto a substrate and formation of Au-S bond.  

Chemisorption is an exothermic process, which involves a chemical reaction between the surface 

and the adsorbate. These bonds form monolayers that are significantly more stable than the 

physisorbed bonds of LB films.46  
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2.4-2a Solution-phase monolayer formation 

Growth in solution is the popular way for the preparation of SAMs that draw attention 

owing to its simplicity and ability to produce well-ordered films. This simple method is based on 

immersion of a fresh, clean substrate into a dilute solution. One of the first examples of self-

assembly from organic solution on flat surfaces came from the work of Sagiv, who studied the 

adsorption of mixed monolayers on surfaces of oxidized polyethylene, evaporated aluminum and 

smooth glass.8 In this process, several experimental parameters affect the structure of the SAM, 

for example the type of solvent, and the purity of the solution. Although, SAMs prepared from 

solution use to be more popular method so far, but this method has also some drawbacks. The 

limited information obtained during the growth process is one of the serious problems with this 

method. So, the gas phase method is much more applicable for in-situ monitoring of the growth 

mechanism.13,46  

2.4-2b Gas-phase monolayer formation 

Deposition from the gas phase in UHV is the second commonly used method for the 

preparation of SAMs. Gas phase deposition is typically performed inside a UHV chamber that 

allows for an actual control of the cleanliness of the substrate. After preparing the substrate, the 

precursor compound with a sufficient vapor pressure, is placed to the sample chamber. One of 

the main limitation of vapor deposition is that the adsorbate should be volatile with an adequate 

vapor pressure and only a limited number of precursors fulfill these criteria.13 On the other hand, 

the absence of a solvent in this method makes the process more straightforward and desirable to 

study the early stages of growth and kinetics of SAM formation.34,47,44 48,,49-50 
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2.4-3 Mechanism of Formation of Organosulfur SAMs on Au 

Previous studies on SAMs, focused mostly on the mechanism of monolayer prepared 

using organosulfur compounds as precursors from solution or gas phase onto flat metal 

substrates. These studies used mostly organosulfur compounds such as thiols (R-H) disulfides 

(RSSR), organic thiosulfates (RSSO3M), and most recently alternative precursors including 

protected thiols/thioacetates (RSAC), organic sulfenyl chlorides (RSCl) and organic thiocyanates 

(RSCN) (where R is either an aliphatic or aromatic group). Identifying the exact mechanism for 

the formation of aliphatic, and aromatic SAMs on gold can be very challenging.51-55. The most 

accepted mechanism so far has been proposed is the formation of thiolate (R-S-) species. For 

example, in the case of thiols, the reaction is an “oxidative addition of the S-H bond to the gold 

surface, which is followed by a reductive elimination of the hydrogen”.56 

RS − H + Au   → RS Au . Au +  1
2 H                                        2 − 1 

The outcome of the hydrogen atom after adsorption of the S-H group was debated for a 

longtime before because of the failure of surface characterization techniques to monitor 

hydrogen upon thiol SAM formation.51,57,65-67 Upon cleavage of S-H bond, the hydrogen atom 

released as H2 or get adsorbed to the metal surface. Alternatively, it has also been suggested that 

the thiol could be adsorbed as an intact molecule.58 The most widely accepted hypothesis 

however is that thiol adsorption followed by dissociation of S-H bond and generation of H2, as 

shown in Equation 2-1. This was supported by studies including Raman investigations of 

alkanethiol SAMs on smooth gold and silver.53,59 These studies demonstrated the lack of the S-H 

bands in SAMs while the spectra of neat alkanethiols, show the very intense v(S-H) bands. These 

series of experiments provide the direct evidence for the cleavage of S-H bond.53,59 Kankate and 
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coworkers also presented a comparative XPS study of vapor deposited SAMs of 4-nitrophenyl 

thiol and bis-(4,4’-nitrophenyl)-disulfide on gold surfaces, which clearly demonstrated the 

elimination of the hydrogen atom during the SAM formation.36,51-67  

In the case of disulfide SAMs, the mechanism of SAM’s formation suggested to be an 

oxidative addition of the S-S bond to the gold surface (Equation 2-2).  

1
2 RS − SR +  Au  → RS Au . Au                                       2 − 2 

Several studies have found that the monolayers originating from either a thiol or a 

disulfide species on gold surfaces have similar characteristics, and that disulfides bind as 

thiolates via the cleavage of the S-S bond.36,57,60,61,62,63 

Organic thiosulfates (Bunte salts) have been used as precursors to form SAMs on gold 

surfaces.64 The proposed mechanism is dissociation of S-SO3 bond upon adsorption, followed by 

chemisorption of the molecules on the gold. Equation (2-3) shows the reported mechanism for 

the formation of the thiolate SAM from thiosulfates. 

RS − SO M +  Au  → RS Au Au + [SO M]                       2 − 3 

(R is either an aliphatic or aromatic moiety and M a monovalent cation.) 

Protected thiols/thioacetates, organic thiocyanates and sulfenyl chlorides are also used as 

alternatives to thiols. Thioacetates can be deprotected using acid or base catalyzed hydrolysis to 

form SAMs similar to thiols but the deprotection process introduces extra chemicals (reagents 

used for deprotection and the byproducts that subsequently formed) that affect SAM formation 

(Equation 2-4).65,66 
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RS − Ac 

/
 

⎯⎯⎯⎯  RSH + Ac                                                                      2 − 4 

SAMs prepared using organic thiocyanates were of lower quality than those resulting 

from thiols. This was attributed to the strength of S-CN bond (~100 kcal/mol for p-substituted 

phenyl thiocyanate).31,32  

RS − CN + Au  → R − S Au . Au
( )

  +  
1

2
[Au(CN) ]             2 − 5 

Organic sulfenyl chlorides (structurally similar to thiocyanates) were also introduced as 

SAM precursors by the Houmam group.2,67 Long-range well-ordered SAMs were obtained on 

Au(111) using 4-nitrophenyl sulfenyl chloride as a precursor.  The ability of sulfenyl chlorides to 

form very good SAMs was attributed to the weaker S-Cl chemical bond compared to the 

corresponding thiocyanates (S-CN bond). An adsorption mechanism involving physisorption of 

the precursor molecules on the Au surface with an electron transfer from the Au surface to the 

precursor molecule was proposed. The cleavage of the S-Cl bond and formation of the Au-

thiolate bond along with the ejection of the Cl- ion was supported by XPS studies.2  

In summary, it is mostly accepted that the mechanism of SAM formation on Au using 

organosulfur compounds involves the formation of a Au-thiolate bond. The quality of the SAM 

depends on several factors including the molecular backbone (aliphatic, aromatic or hybrid), the 

end group (small, bulky, electron donating, electroactive, electron withdrawing etc.), the strength 

of the S-Y bond (Y = leaving group, e.g. H, S-R, C-R, SO3M, CN etc.), the experimental 

conditions and the purity of the precursors. 
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2.4-4 Experimental Factors Influencing the Formation of Thiolate SAMs 

Various factors are known to affect the final structure and the rate of the SAM formation 

including the solvent, the concentration and purity of the precursor, the temperature, the 

immersion time, oxygen concentration, cleanness of the substrate, and the structure of the 

precursor (chain length and terminal groups). This section discusses these factors.  

1) Solvents  

The solvent effect on the mechanism and kinetics of the adsorption of organic molecules 

on solid surfaces is not completely understood. The choice of a proper solvent for self-assembly 

is therefore crucial. In certain cases, SAMs of alkanethiols formed in non-polar organic solvents 

are less organized, while those formed from polar organic solvents are densely packed with 

fewer defects. Lee et al. investigated octanethiol SAMs prepared in two different solvents using 

STM. They obtained a well-ordered and closely packed structure in ethanol, and a less dense 

striped phase in toluene.68 Mamun et al. also used STM and XPS, to study the effect of solvent 

on octanethiol SAMs obtained in different solvents including ethanol, DMF, toluene, and 

hexane. They showed that solvents with high polarity can improve the quality of SAMs, while 

those with low polarity solvents have opposite effect on the SAMs quality.69 In general, ethanol 

is the most frequently used solvent for SAM preparation mostly due to its availability, high 

purity, low toxicity, low cost and the ability to dissolve a variety of organosulfur compounds. 

Other solvents like methanol, acetonitrile, dimethylformamide, tetrahydrofuran, and toluene have 

been successfully used for SAM formation, particularly when the precursors are not completely 

soluble in ethanol.13  
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2) Temperature 

The effect of temperature on adsorption and desorption of molecules on and from solid 

surfaces is well established.70,71 Even though the temperatures over 25 oC can accelerate the 

formation of SAM, it can simultaneously increase the desorption of contaminants. Chain 

reorganization and lateral rearrangement of adsorbates have also been observed with increasing 

the temperature.72 Uosaki et al. suggested that the influence of the temperature is more 

prominent in the first step of the adsorption. They also showed that higher temperatures result in 

larger areas of the well-ordered domains with the (√3 × √3) R30° structure.71 STM was used to 

study the adsorption of benzenethiol (BT) in ethanolic solution on Au(111) up to 50 oC. It 

provided evidence for the formation of well-ordered and larger domains at higher temperatures 

compared to room temperature.73 Thermal annealing is also suggested to induce structural 

changes due to the lateral movement of molecules on the surface. It affects the size of the 

domains and also helps reduce the surface defects.74,75,76,77 Although the structure and kinetics of 

SAMs formation may be improved by increasing the temperature but an accurate control of the 

temperature is necessary to avoid competitive desorption of a number of adsorbed molecules 

during the modification process.78 

3) Concentration and Immersion Time  

Concentration and immersion time are inversely related parameters. At higher 

concentration of thiols, a shorter immersion time is required to form a complete monolayer 

because the thiol adsorption is limited by mass transport. Typically, high quality SAMs can be 

obtained by using μM to mM adsorbate concentrations and adsorption times from a few hours to 

a few days. The minimum concentration required for the formation of a dense SAM is 1µM. 

Concentrations below this number combined with short modification times (seconds) lead to 
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formation of low coverage SAMs. Longer immersion times are required for the reorganization 

and ordering of the adsorbates, and for the decrease (or elimination) of pinholes and 

conformational defects especially for alkylthiols. Typically, a modification time of 12-18 h is 

required. It may however take several days to achieve a highly reproducible SAM in certain 

cases.13  

4) Effect of Oxygen in Solution  

Very little is known about the effect of oxygen on the rate and structure of SAMs. 

Previous studies demonstrated that preparing SAM with degassed solvent and under an inert gas, 

such as nitrogen or argon, before and during the process significantly improves the 

reproducibility. It has been speculated that minimizing the oxygen content in the solution limits 

the rate of oxidation of thiols to other oxygenated species. This phenomenon is more prominent 

in SAMs prepared on silver or copper compared to gold.21,22 

2.4-5 The Au(111) Surface  

Gold is one of the most popular metal substrates for the formation of the self-assembly of 

organic molecules. Gold is a unique element with a face-centered cubic structure that its (111) 

face reconstructs.79 This type of reconstruction has not been observed for other (111) surfaces 

such as Pd, Cu and Ag.80 This reconstruction, known as a herringbone reconstruction, reduces 

the energy of the surface and is critical to the adsorption process.79-81  

A typical STM image of a reconstructed Au(111) surface exhibiting the characteristic 

herringbone reconstruction is shown in Figure 2-4. This reconstruction has a (22× √3) unit cell 

in which 23 atoms of the top layer are placed on top of 22 atoms of the second layer. This 

compression causes an extra 4.4% Au atoms in the surface of gold.  
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Figure 2-4. STM image of herringbone reconstruction pattern of bare Au(111). 

(Reprinted with permission from reference79) 

2.4-6 Low and High Coverage Structures of Organosulfur SAMs on Au(111) 

2.4-6a Low Coverage Phase 

Alkanethiols SAMs on gold, with low coverage have been widely investigated.  They 

give rise to striped phases where the adsorbed molecules are laying down on the surface or 

having larger tilt angles. These structures have generally been described by (p × √3) unit cells 

where p is an integer usually in the order of once or twice the fully extended thiolate length for a 

head to head/head to tail configuration. The value of p changes in the range of (0.84 ± 0.04) Å 

per methylene group.82 Various striped phases have been reported in the literature.49,83,84 They 

have a different long dimension p and the same short dimension, equal to √3a, where “a” is the 
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Au lattice constant. Increasing the dose/concentration of the precursor or the incubation time 

initiate a phase transition from the laying down structures to packed phases with less tilted 

molecules. 

2.4-6b High-Coverage Phase 

In the high-coverage phase, molecules form the highest possible packing arrangement to 

reach the saturation coverage. Many experimental techniques such as X-ray, FTIR, AFM and in 

particular STM showed that this saturated phase corresponds to a (√3 x √3) R30° structure with 

respect to the Au(111) surface. The sulfur atoms are arranged in a hexagonal shape where the 

thiol–thiol nearest neighbor distance is ~ 5 Å. This surface structure strongly suggest a surface 

coverage Ɵ = 1/3 with a tilt angle of ~30o.85 

The (√3 x √3) R30° structure is the simplest structure observed for high coverage SAMs. 

Other c(4√3 x 2√3) superstructures have also been reported and are referred to as c(4 × 2) 

phases. These superstructures contain four molecules per unit cell with at least two different 

adsorption geometries. Figure 2-5 shows the proposed structural models for the (√3 x √3) R30° 

structure as well as the c(4√3 x 2√3) superstructures on the Au(111) surface. The (√3 x √3) 

R30o structure is composed of molecules with similar adsorption site and arrangement, whereas 

the c(4 × 2) phases  are composed of differently absorbed molecules. The various colors in the 

reported models (Figure 2-5e-f) correspond to these differently adsorbed molecules and STM 

images show indeed different degrees of brightness.85,86 
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Figure 2-5. Proposed structural models for the (√3 x √3)R30° structure and c(4√3 x 

2√3)  structures on Au(111). (Adapted from reference 85). 

2.4-7 Dynamics  

Evolution of surface structures doesn't stop after the SAM formation. It was shown that 

adsorbed species on the surface are not static but rather highly dynamic.94,95 Structural 

transformations in SAMs were directly observed in real time imaging using STM and AFM. 

Using sequential high-resolution STM imaging in air of alkanethiolate SAMs, Teran Arce et al.  

showed fluctuations between the (√3 x √3) R30o and c(4 x 2) phases.96 The reversibility of the 

structural fluctuations prompted the authors to suggest that both lattices had similar energy. DFT 

calculations confirmed that the energy difference of these two structures is very small.57 Potential 

dependent transformations of surface structures in electrolyte solutions have also been reported.97 
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2.4-8 Characterization of Defects on SAMs 

Despite the general high degree of structural order observed in SAMs, defects are also 

usually present. Various factors have been shown to affect the presence and amount of structural 

defects including the cleanliness of the substrate and the purity of the incubation solution and 

precursor.  Defects have also been shown to result simply from intrinsic factors as SAMs are 

dynamic systems with complex phase behaviors.13 Typical defects include missing rows, 

particularly in short alkanethiols SAMs (Figure 2-6a), vacancy islands (Figure 2-6b), molecular 

defects, where molecules are disordered or absent  (Figure 2-6d), and domain boundaries, where 

molecules exhibit high degree of disorder (Figure 2-6c). Molecular defects are either in the form 

of vacancies known as pinhole defects or regions where the hydrocarbon chains have a certain 

degree of disorder. These types of defects are present even in well-ordered, alkanethiolate 

SAMs.87 

STM and AFM images of well-ordered SAMs on Au both from solution and gas phase 

have revealed 2D gold vacancy islands or etch pits.98 Poirier et al. suggested that the adsorption 

of alkanethiol molecules results in the removal of extra gold atoms from the surface due to the 

weakening of the Au-Au bond, leading to these etch pits. They explained that the (22 x √3) 

herringbone structure of the clean Au(111) surface is lifted by the adsorption of alkanethiol 

molecules. This process is followed by the relaxation of surface atoms and the formation of 

adatoms on, and vacancies in, the surface layer.98,99 It has been studied that the density of etch 

pits decrease with decreasing the concentration, and increase with decreasing the length of the 

hydrocarbon chain.87 
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Figure 2-6. Schematic representation of possible SAM defects. a) Missing row. b) 

Vacancy islands. c) Domain boundaries. d) Molecular defects. 

 

2.4-9 Aromatic Organosulfur SAMs on Au 

While alkylthiolate SAMs have been widely studied, aromatic SAMs are attracting 

increasing attention due to particular characteristics and potential application in molecular 

electronics devices. The presence of delocalized π-electrons in aromatic rings is behind the 

particular conductivity of aromatic SAMs. The rigidity of phenyl rings also reduces their 

molecular flexibility and affects the SAMs structure and reactivity.  The lateral intermolecular 

interactions of aromatic structure are stronger than those of aliphatic ones and can lead to 

different structure. STM studies demonstrated that the π–π stacking of aromatic molecules has a 

tendency to arrange the molecules into polymer-like chains.101,102 Modifying the surface 

properties of aromatic can be readily achieved by introducing various functional groups on the 

phenyl ring. It is also expected, due to the stronger π–π interaction and rigidity of the backbone, 

that a change of the substituent on the phenyl ring (at the para position) will alter aromatic SAMs 
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a lot less than aliphatic ones.98,103-104 Benzene thiolate SAMs with various densities and tilt 

angles have been obtained.105,106 While molecular dynamics calculations107 and a few 

experimental studies108,109 have suggested that long range ordered (√3 × √3) and (4 x 2) 

structures of BT SAMs on Au(111) phases are unlikely to form, other studies have shown that 

these structures can indeed be obtained, although not as easily as with aliphatic thiols.110,111,103 

Vacancy islands have also been reported to be more scattered in number and density with 

aromatic thiols while small adatom islands are more abundant. It was also shown that Au 

adatoms and vacancies have less mobility in aromatic SAMs (Figure 2-7). 98 

 

Figure 2-7. Proposed models for the formation of vacancy islands and adatom in (up) 

aliphatic and (down) aromatic SAMs on Au(111). (Adapted from reference 98). 

The common limitation for practical applications of aromatic SAMs is related to the 

higher degree of defects usually explained by the relatively bulky and non-spherical shape of the 

phenyl ring.68,98,112,113 Several strategies have been used to mitigate this problem. These include 

using hybrid aliphatic-aromatic molecules by adding an alkyl spacer group  between the sulfur 
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head group and the phenyl group,60 increasing the number of aromatic rings,98,108 annealing,114 

and increasing the solution temperature to 50 oC.73 While the introduction of insulating alkyl 

spacers has been shown to improve the structure of SAMs resulting in long range ordering,113 

this was at the expense of the desirable conductivity which is diminished.115 Increasing the 

number of aromatic rings can lead to higher conductivity but also drastically lowers the solubility 

of the precursors.116,117,118 

2.4-10 STM Imaging of Organosulfur SAMs 

STM is a very important technique for the analysis of the physical structure and 

electronic properties of SAMs. While it has provided a huge amount of information on 

conducting surfaces in general and organic thin films in particular, certain aspects are still not 

totally understood. STM detects the local density of states (LDOS) near the Fermi level of 

energy and the obtained images show in general a combination of bright and dark spots. The 

nature and origin of the contrast variations observed in the STM images are poorly understood. 

They have been associated respectively to the terminal group, the molecular backbone, or the S 

atom of the adsorbed molecule. 

The first high resolution STM images of thiol based SAMs on Au(111) were reported by 

Widrig et al.119 Because they were able to image modified and non-modified gold surfaces under 

the similar tunneling currents and voltage conditions, they suggested that, during imaging, the tip 

is positioned close to Au-S interface. They therefore concluded that in the obtained STM images, 

the bright spots result from tunneling current that flows between the tip and the sulfur atom 

bound to Au. Later studies showed however that this imaging mechanism cannot explain the 

modulation in brightness in the c(4 x 2) lattices.1 Theoretical calculations120 and experimental 

results85,121  suggested that the tip probes either the hydrocarbon chains or the terminal groups, 
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proving hence a better explanation for the brightness modulation in the c(4 x 2) lattice. Further 

theoretical calculations performed by Zeng1 and Li et al121 also suggested that the STM is able to 

probe the hydrocarbon chain despite the large HOMO-LUMO gaps in the alkanethiol SAMs. 

They explained that the electronic structure of an absorbed molecule on Au(111) surface is 

different than that of the free molecule. Chemisorption process results in emergence of new 

electronic states in the energy gap of the alkanethiol. They concluded that STM basically images 

those states that are localized at the tail carbon–hydrogen groups which reflect the terminal 

groups in the SAM.  

The Houmam group reported the ability of the STM to provide insight on the terminal 

group in standing up SAMs. In this study high resolution images of 4-nitrophenyl sulfenyl 

chloride SAMs on Au(111) provided sub-molecular details of the terminal group. A bright spot 

was observed for each oxygen atom of the nitro group. This work indeed stirred up one of the 

heavily debated questions concerning the ability of the STM to provide sub-molecular structural 

information for standing-up SAMs in air at room temperature.122 

While experimental studies highlighted the involvement of topographic effect in the STM 

images, recent DFT studies propose that, even though the physical structure may explain the 

STM contrast of alkanethiol SAMs, the influence of LDOS cannot be ruled out.85,121  

Utilization of constant current mode of STM to investigate annealed undecanethiol SAMs 

under UHV. STM images revealed two distinct c(4 x 2) structures with the STM contrasts that 

remained highly reproducible and reversible upon modulation of the imaging conditions. They 

concluded that these contrast transitions likely indicate probing of the corresponding LDOS 

during modulation of the tunneling conditions, as opposed to reorientation of the molecules.85 



 

27 

The interpretation of STM images can be challenging and caution should be exercised 

during the data acquisition and explanation of STM images taken from organosulfur SAMs on 

Au(111). The effect of the tunneling conditions (i.e. the bias voltage, the tunneling current, the 

distance between tip and sample),85 the nature and the length of the molecular backbone 

(aliphatic or aromatic, long or short chains), and the odd or even number of carbon atoms on the 

aliphatic chain can influence the STM images and consequently the interpretation might 

differ.98,41 In addition, the binding sites on the Au surface,41 the hybridization of the sulfur head 

group,1 the mobility of the molecules on the surface,48,87 the changes induced by the STM tip 

(SAM perturbation, alteration of the adsorption sites or the molecular conformation etc.) and the 

changes associated with the substrate surface (surface reconstruction or stress) can also interfere 

with the molecular orientation of the SAM.  
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Chapter 3. Materials and Experimental Techniques 

3.1 Chemicals  

4-Nitrothiophenol (≥98% from Santa Cruz Biotechnology, Inc), 4-Nitrophenyl disulfide 

(99% from Aldrich), N,N-dimethyl formamide (DMF, Fisher Scientific), anhydrous ethanol 

(EtOH, absolute from Commercial Alcohols), potassium hydroxide (KOH, 99.99% 

semiconductor grade from Sigma Aldrich) and sodium hydroxide (NaOH, 99.99% 

semiconductor grade from Sigma Aldrich) are used without further purification. A gold wire 

(0.76 mm diameter, 99.999% from Alfa Aesar) and freshly cleaved mica sheets (V1 Grade, Ted 

Pella) are used to deposit thin films of Au (111). Chromo-sulfuric acid (2 mL of chromium 

trioxide, Cr2O3 from Chromerge ®, Bel-Art, and 200 mL of sulfuric acid, H2SO4, 95-97%, 

semiconductor grade from Riedel-de Haën) is used to clean Au (111) substrates. 

3.2 Glassware 

All glassware for the experiments were pre-cleaned in a KOH/H2O/ETOH bath and then 

in a H2O/HCl bath. All glassware then rinsed thoroughly with deionized water followed by Milli-

Q water. The equipment was subsequently stored in an oven. 

3.3 Experimental Techniques 

A number of analytical techniques were used in this work to characterize the modified 

gold surfaces including CV, STM, XPS and PM-IRRAS. CV was employed to evaluate the 

reductive/oxidative desorption of absorbents and determine the surface coverage of SAM. This 

was achieved by electrochemical stripping of adsorbed species on polycrystalline solid gold 

electrodes. STM was used to image the modified surfaces and provide detailed information about 

the formed structures, phases, defects, etc. XPS was used to analyze the elemental composition, 
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the chemical state of each element and any contaminant present on the modified gold surface. 

PM-IRRAS was used to probe functional groups of the adsorbed organic molecules. The relative 

peak ratios were used to determine the tilt of the adsorbates.  

3.3-1 Cyclic Voltammetry  

Cyclic voltammetry (CV) is a simple, powerful, and rapid electrochemical technique used 

for quantitative and qualitative measurements of the electrochemical properties of electroactive 

species (i.e. a species that can be oxidized and/or reduced). This technique is very useful in 

obtaining information about mechanistic, kinetic and thermodynamic data of electroactive 

species both in solution and on surfaces (adsorbates). A standard CV experiment employs 

a cell composed of three electrodes: a working electrode, a counter electrode, and a reference 

electrode. The principal of this technique is based on modulating the applied potential at the 

working electrode in both forward and reverse directions while monitoring the current at the 

same electrode. The potential of the working electrode is swept linearly with time at a fixed rate 

from an initial potential (E1) where no redox reactions occurs to a switching potential (Es) and 

then reversed to the initial potential. This process can be reversed several times in both directions 

as illustrated in Figure 3-1. 
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Figure 3-1. Potential – time excitation signal in cyclic voltammetry experiment. 

The readout of the experiment will be presented as an I-E curve, called cyclic 

voltammogram (Figure 3-2). By convention, a positive current reflects an oxidation, 

whereas a negative current represents a reduction. For example, for a reversible CV, in a 

forward scan, the electrode will act as a cathode (reduction) and in a reverse scan it will act 

as an anode (oxidation). An irreversible cyclic voltammogram can also be observed if 

relatively fast chemical reactions follow the initial electron transfer.  



 

31 

 

Figure 3-2. Voltammogram of a single electron oxidation-reduction.  

In this study cyclic voltammetry is used to evaluate the reductive desorption of 

organosulfur monolayers adsorbed on polycrystalline solid gold electrodes. Previous studies 

have suggested that alkanethiols and alkyl disulfides form similar Au-alkylthiolate monolayers 

on gold (Figure 3-3).36,62,55-123  Reductive desorption has been extensively used to evaluate a wide 

range of thiolate SAMs. There is also a general agreement on the mechanism of the reductive 

desorption of organosulfur monolayers which is described to involve one electron per molecule 

(Equation 3-1).124  

Au − SR +  e  →  Au + RS                                                                                   3 − 1 

Previous studies on alkanethiol SAMs on polycrystalline gold electrodes have shown that 

sufficiently negative potentials cause the desorption of alkanethiol monolayers in acidic, neutral, 

and basic solutions.61,103,125 The desorbed thiolate can also oxidatively reabsorb on the surface if 

the potential is scanned back in the positive direction and if the thiolate species does not diffuse 
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away from the electrode surface and remains on and/or near the electrode surface. This can be 

observed as a small anodic peak in the CV. 

In reductive stripping voltammetry, the shape, the area, and the position of the reductive 

desorption peak provide practical knowledge about the SAM such as the coverage, stability and 

orientation of adsorbates.126-131 

 

Figure 3-3. Thiolate SAM formation from thiols and disulfides. 

For this thesis, Autolab PGSTAT30 (EcoChemie) system was used for all 

electrochemical measurements and downstream analysis. A three-electrode type glass cell, kept 

at 25 °C and under a nitrogen flow, was used for all CV experiments. The working electrode is a 

solid polycrystalline gold electrode (2 mm diameter). The counter and reference electrodes are a 

saturated calomel electrode (SCE) and a platinum wire, respectively. All electrodes were 

carefully polished and thoroughly cleaned by ultrasonic rinsing with ethanol. Polycrystalline 

solid gold electrodes were additionally cleaned by electrochemical cycling in a 0.5 M KOH 

aqueous solution.  

.  



 

33 

3.3-2 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) was developed  in 1960 by Kai Siegbahn at the 

university of Uppsala, Sweden and was awarded the Nobel Prize in physics in 1981 for 

developing this powerful analytical technique.132 This method was initially called “electron 

spectroscopy for chemical analysis” (ESCA) because it provides information about the chemical 

state rather than only elemental composition of surface. It is a sensitive technique to interrogate 

the surface for all elements with an atomic number Z ≥ 3.133  

The underlying principal of this technique goes back to 1887, when Heinrich Hertz first 

described the photoelectric effect and then later on followed by Albert Einstein in 1905 who 

explained this effect with a simple yet important mathematical description (Equation 3-2).134,135 

Ek= hʋ -EB                                                                                                  3 − 2 

Where h is Planck’s constant, ʋ is the frequency of the incident photons, Ek and EB are 

the kinetic energy and binding energy of the photoelectron, respectively. 

XPS, requires a high vacuum or ultra-high vacuum environment and is based on the 

photoelectric effect principal. XPS involves the irradiation of the sample surface inside the UHV 

with X-rays of a known energy and the subsequent analysis of the energy of the emitted 

photoelectrons. Normally, the sample is bombarded with a soft X-ray beam (200 - 1500 eV). The 

most commonly X-ray sources are AlKα and MgKα with a corresponding energy of 1486.6 eV 

and 1253.6 eV, respectively. Core electrons are inner-shell electrons that are closer to the 

nucleus, and therefore require more energy to expel compared to valence electrons.  

Once the electrons are ejected from the sample, their number and kinetic energy are 

analyzed by an appropriate electron energy analyzer. Since the energy of an X-ray is known, the 
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binding energy of the electron (EB) can be calculated by using Equation 3-3, where Φ is the 

spectrometer work function. The EB is unique for each element and resembles the identity of the 

elements present in the substrate and its environment.133,136 A schematic diagram illustrating the 

photoemission process is shown in Figure 3-4. 

EB = hʋ - EK - 𝛷                                                                                             3 − 3 

 

 

Figure 3-4.  Schematic diagram illustrating the photoemission process. 

The XPS data is presented as a plot of electron count versus either the binding energy 

(EB) or the kinetic energy (EK) of the measured photo-excited electrons (Equation 3-2). The plot 

has characteristic peaks for each element found in the surface of the sample. The peaks in the 

photoelectron spectrum correspond to the electrons in different subshells of the atom (1s, 2s, 2p, 
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etc.). Photoelectrons that are originated from a certain orbital demonstrate a unique binding 

energy so the identity of the element present on the surface can be revealed by looking at the 

plotted spectrum and the designated value of the peak energy.137,138  

The XPS instrument consists of an X-ray source, an electron collection lens, an electron 

energy analyzer and an electron detector, all placed within an ultrahigh vacuum (UHV) chamber 

(Figure 3-5).139 In order to achieve an ultra-high vacuum environment, the system utilizes a 

special pump system. The ultra-high vacuum environment prevents from contamination of the 

surface. 

Essentially a focused beam of X-ray illuminates an area of a sample causing electrons 

with a range of energies and directions to eject. Obviously, the X-ray beams should provide 

energy to overcome the binding energies of the core electrons. Ejected electrons pass through a 

set of electrostatic/magnetic lens units that collect a proportion of these ejected electrons and 

transferred them onto the analyzer entrance slit to be sorted according to their energies.140 

The X-ray source is mostly a twin anode that generates a broad X-ray beam of Al Kα (hv 

= 1486.6 eV) or Mg Kα (hv = 1253.6 eV). The direct X-ray sources deliver high intensity 

photons bombarding the sample surface, that in return led to the high flux of photoelectrons to 

the detector, which causes a wide X-ray line width, satellite X-ray peaks that may cause sample 

damage. Collectively these factors can affect the quality of the XPS spectrum. To reduce the 

adverse effect of direct X-ray radiation, monochromators are installed inside the XPS systems. 

Monochromators are typically made of silicon, quartz and germanium crystals, that increase the 

signal to background ratio by selecting emission lines, removing the Bremsstrahlung continuum 

and consequently minimizing sample damage from heat and unwanted radiation.138 For example, 

The AlKα source has a photon energy of 1486.6 eV with a full line width at half maximum of 0.9 
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eV.141 The quartz crystal monochromator used with this source narrows the line width to 0.25 eV 

resulting in a greater resolution for distinguishing different chemical species.133,138,142 

 

Figure 3-5. Basic components of a monochromatic XPS system. 

In this study, XPS was only used to identify chemical species present on the surface. All 

experiments have been conducted in a commercial ultrahigh vacuum (UHV) system (Omicron) 

with a base pressure of 5 x 10-11 Torr. An Al Kα source (1486.6 eV) was used to generate X-ray. 

The system consists of a hemispherical sector analyzer (operates at a pass energy of 20 eV) 

which is paired to a multichannel electron detector. All XPS spectra for the modified gold 

presented in this thesis are referenced against Au 4f7/2 peak at 84.0 eV with takeoff angle of 75°. 

Deconvolution of the XPS peaks was done using origin 7.0 SR0 v7.0220 software. 
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3.3-3 Polarization Modulation Infrared Reflection Absorption Spectroscopy 

3.3-3a Infrared Spectroscopy 

Infrared (IR) spectroscopy is a broadly used spectroscopic technique due to its ability to 

provide information about the structure and in particular functional groups of molecules. The 

absorption of IR radiation by a molecule brings a change in the vibrational and rotational modes 

of chemical bonds.143 IR spectroscopy follows a selection rule, where only vibrational/rotational 

transitions associated with a change in the dipole moment give rise to a peak in the IR spectrum. 

144,145 

Early IR instruments were called dispersive because they simply used prisms and grating 

monochromators in order to collect the absorption spectrum. These early instruments had a slow 

scanning process. Modern IR instruments, called Fourier transform infrared (FTIR) instruments, 

use Fourier transform method to rapidly scan samples by continuously monitoring all frequencies 

and transform the signal into a frequency spectrum. This technique is a simple, rapid, less 

expensive and highly sensitive technique to obtain structural information of organic and 

inorganic samples even at the interface (e.g. gas/solid, liquid /solid and gas/liquid).146  

Until the 1960s, the first generation of IR spectrometers were not able to obtain useful IR 

spectra of thin films on metal surfaces (a few nanometers) due to poor signal to noise ratios, as 

the amount of absorption is proportional to the path length. In 1966, Greenler et al. used the 

reflection method to study the IR spectrum of thin films on metal surfaces. They discovered that 

using IR polarized radiation parallel to the plane of incidence at near gazing incidence could 

increase the IR absorption up to 5000 times which subsequently allows the measurement of film 

thickness at the Å level.147 Longer time accumulation may be required due to the very small 
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absorption peak obtained by infrared reflection–absorption spectroscopy (IRRAS). In order to 

accurately remove the background signal, both reference and sample substrates need to be 

measured. The absorption of H2O and CO2 can significantly affect spectrum. In the late 1970s, 

PM-IRRAS was developed to alleviate some of the difficulties of the IRRAS setup. This 

improvement is mainly achieved by modulating the polarization of the incident IR radiation that 

eliminates the absorption of CO2 and H2O from the sample environment. PM-IRRAS is a very 

powerful alternative for the characterization of thin films, monolayers or sub-monolayers on 

metals. The technique also provides information about the nature and the orientation of the 

adsorbed species with higher sensitivity.148,149 

3.3-3b Principals of PM-IRRAS 

In order to remove the background signal from the experimental film, the IR beam must 

be linearly polarized as a first step. This can be achieved by passing the radiation through a 

polarizer grid. The two linear polarization states are referred to as p- and s-polarization. These 

polarizations are most important for reflection and transmission. The p-polarized light has an 

electric field parallel to the plane of incidence while the s-polarized light has electric field 

vectors perpendicular to the plane of incidence. The PM-IRRAS technique measures the surface 

specific FT-IR spectra of materials by calculating the differences in the reflection of s- and p- 

polarized light from interfaces. 

Upon incidence of the polarized light on the surface, the light is partially reflected and 

partially transmitted into the second medium. The intersection plane between the incident and the 

reflected beams is called plane of incidence. In the event that the incident beam is split into p- 

and s- polarizations, they each correspond to differentially directed electric fields. If the value of 

the incident beam angle is larger than the critical angle, the entire beam reflects off the interface 
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and no light is transmitted into the second medium. At the point of incidence, the electric field 

vector of s-polarized radiation (Is) of the incident and reflected waves are oriented in opposite 

directions because the s-polarized radiation undergoes a phase shift of 180o. As a result, the 

electric field of the s-polarized frequencies becomes zero (i.e. Es = 0) at the metal surface, which 

is demonstrated in Figure 3-6. This prevents absorption of the incident IR radiation by any 

chemical species that is absorbed at (or in close proximity to) the electrode’s surface. Therefore, 

the s-polarized radiation is exclusively sensitive to the molecules present in the bulk of the 

solution and not on the surface of the electrode. Conversely, the electric field vector of the p-

polarized radiation is subjected to a very small shift, given that the angle of incidence is less than 

80.7o. The cumulative electric fields of the incident (Epi) and reflected (Epr) of the p-polarized 

waves at the point of reflection demonstrate an electric field enhancement in the direction normal 

to the surface, as depicted in Figure 3-6. The p-polarized spectrum contains information about 

the species located at the metal surface and in the bulk of the solution.  
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Figure 3-6. Illustration of the phase shift of the electric field vector for a) s-polarized and 

b) p-polarized radiation upon reflection at an air/Au interface.  

These enhancement and cancellation of the electric field vectors for the p- and s- 

polarizations at the metal surface are described based on the surface selection rules. The 

absorption of IR radiation by molecules on the surface will change the dipole and consequently 

induce an image dipole into the metal. If the change in the dipole is parallel to the metal surface 

it will cancel out the IR absorption but if it is perpendicular to the metal surface it will enhance 

the IR absorption. In Figure 3-7 for example, based on this rule, image dipoles are cancelled out 

in laying down configuration and are enhanced for the upright molecules.  
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Figure 3-7. Schematic showing the image effect for the metal surface. 

PM-IRRAS spectroscopy uses the surface selection rules to differentiate the IR spectrum 

of the species adsorbed at the surface from the background species in solution. Therefore, the 

background spectrum should be collected using s-polarized radiation prior to the p-polarized IR 

spectrum, containing the background and surface species. The PM-IRRAS absorption spectrum, 

ΔS, of the adsorbed film is calculated by using the following expression: 

∆S = 2 
I − I

I + I                                                                                   3-4 

The resulting PM-IRRAS spectrum then corresponds to the IR spectrum of only the 

species adsorbed on the surface of the metal and quantitative determination of the average 

orientation of the molecules on the surface by quantifying the spectrum.150,151  

In this study, the IR spectra were collected on a Varian 660-IR spectrometer with a liquid 

nitrogen cooled high sensitivity MCT-A detector. The modified gold slide was placed on top of a 

Pike Technologies Advanced Grazing Angle (AGA) attachment. The infrared radiation was 

directed through a ZnSe static polarizer and focused onto the surface of the gold slide at an 
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incident angle of 80o via the AGA attachment. The s-polarized radiation was first obtained by 

rotating the static polarizer to 90o and collecting 512 scans at a resolution of 4 cm-1. Immediately 

after acquiring the s-polarized single beam spectrum (𝐼 ), the p-polarized spectrum (𝐼 ) was 

obtained by rotating the static polarizer to 0o and collecting 512 scans at a 4 cm-1. The s- and p-

polarized single beam intensities were used to manually calculate the PM-IRRAS spectra 

according to the Equation 3-4: 

∆𝑆 =
2 𝐼 − 𝐼

𝐼 + 𝐼
                                                                                         3 − 4  

Based on the surface selection rules, the spectra show only the IR absorption of species 

directly adsorbed to the gold surface and are free from interfering background species. 
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3.3-4 Scanning Tunneling Microscopy 

3.3-4a Introduction 

The scanning tunneling microscope (STM) was developed by Gerd Binning and Heinrich 

Rohrer at IBM Zürich in 1981 who shared the Nobel Prize five years later for their brilliant 

invention.152,153 STM is a powerful experimental technique for the investigation of surface 

morphology. This technique has the ability to provide 0.1 nm lateral and 0.01 nm depth 

resolutions.154 Figure 3-8 shows the basic components of STM that include: 1) a scanning tip 2) a 

piezoelectric tube 3) a distance control and scanning unit 4) a tunneling current amplifier 5) a 

vibration isolation system and 6) a data processing unit (computer). 

The scanning tip is a simple but crucial part of the system. The tip has to be conductive 

and atomically sharp to pass most of the tunneling current through a single atom. Tungsten, 

platinum-iridium and gold tips are the most common types of tips. The tips typically are made by 

mechanical cutting, grinding or electrochemical etching.154 The piezoelectric scanner is 

commonly fabricated from lead zirconium titanate (PZT) by compacting a powder form and 

sintering. This material provides 3-dimensional movement for the STM tip and can expand and 

contract at nanoscale depending on the voltage applied. This allows for precise control of the 

horizontal positions x, y, as well as the height z of the scanning tip (tip is attached to the piezo 

drive). Since the STM is very sensitive to vibration, an isolation system is important to reduce 

inner vibrations and isolate the system from external vibrations. The data processing unit 

(computer and software package) is the last component that records the tunneling current and 

controls the voltage to the piezoelectric tubes to produce a 3D map of the sample surface.155 
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Figure 3-8. Basic components of the STM. 

3.3-4b Principle of Operation 

The principle of STM can be explained by the quantum mechanical tunneling effect. 

Essentially, small particles such as electrons behave like wave that allow them to penetrate 

potential barriers.156 The basic principle of electron tunneling is demonstrated in Figure 3-9. In 

this technique a conducting tip is brought very close to the examined surface until a narrow gap 

of empty space is left between them (~ 0.3 – 1 nm), called energy barrier. When no bias voltage 

is applied between the tip and sample, electrons are confined under their Fermi levels (EF), and 

the electrons cannot flow in either direction due to the equal Fermi levels of both the tip and the 

sample. The Fermi level can be raised by applying a voltage. When a bias is applied between the 

two, as shown in Figure 3-9b the tunneling waves of the sample (ψs), and tip (ψt) electrons, 
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overlap in the barrier gap, causing a tunneling current to flow through. Depending on whether 

the voltage is applied to the sample or tip, electrons can tunnel between the occupied and 

unoccupied state of the other side. This tunneling current can be measured and then converted 

into a topographical image of the surface.156 

 The tunneling current has a very important characteristic; it has a very high sensitivity to 

the barrier width z which is proportional to the probability of electrons across the barrier. This 

has been solved with solutions of Schrödinger’s Equations for electrons inside a barrier: 

ψ(z) = ψ (0) e–κz                                                                                             3 − 5 

where 

κ = [2me (VB -E)]1/2/ħ]                                                                                  3 − 6 

Where κ is the decay constant, VB-E is the barrier potential for electrons with energy E, Z 

is the barrier width, me is the effective mass of the electron and h is the Planck’s constant.95 The 

current is exponentially proportional to the barrier width Z: 

      It ∝ e –2κz                                                                                                                       3 − 7 

Equation 3-6 and 3-7 cumulatively show that the tunneling current is proportional to tip-

sample gap, the bias voltage and the local density of state (LDOS) of the sample, Thus a very 

small change in the tip-sample gap lead to large changes in the tunneling current.  
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Figure 3-9. Schematic figure showing tunneling phenomenon between two metals. 

3.3-4c Operation Modes of STM  

1- Topographic STM Operation Modes  

There are two imaging modes available in STM: 1) constant current imaging and 2) 

constant height imaging.157 

The constant-current mode is the most commonly used mode and produces images of the 

surface contour. In this mode, a feedback loop keeps the tunneling current constant. For example, 

when the system detects a change in tunneling current, it alters the voltage applied to the Z-axis 

scanner to change the gap between the tip and the sample, so the tip height continues to follow a 

contour of a constant density of states during scanning and provides information on the 

topography of the sample surface. Although this mode is time consuming, it is best used for 

irregular surfaces. 
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In constant height mode, height of the tip is kept constant over the sample surface and the 

tunneling current is measured. The surface image is produced using the current as a function of 

lateral position. This mode is best used for atomically flat surfaces since the gap between the tip 

and the surface is constant the tip may crash in uneven surfaces (Figure 3-10).  

 

 

Figure 3-10.  Modes of STM Operation: a) constant current and b) constant height. 

2- Tunneling Spectroscopy STM Operation Modes 

Tunneling current in the STM imaging mode, recorded as a function of lateral (x - y) 

position at a constant bias voltage. A plot of the tip height as a function of position generates the 

topography. But in the tunneling spectroscopy mode, the current is continuously monitored as a 

function of a changing bias voltage (I-V curve). Tunneling spectroscopy as a function of the bias 

voltage can be obtained by carefully placing a STM tip above a designated place on the sample 

with the height of the tip fixed. I-V curves were recorded after the feedback is turned off. The 

slope of the I-V curve at each measured voltage often called the dI/dV-curve which corresponds 

to the electron density of states at the local position of the tip, (LDOS).158 
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3.3-4d Calibration of STM 

Highly oriented pyrolytic graphite (HOPG) is routinely used as a standard in STM 

calibration for high-resolution imaging. The STM image of HOPG should demonstrate 

normally a closely packed hexagonal array where each atom is circled by six other atoms. 

We measure the distance between any two atoms as 0.246 nm (Figure 3-11).  In this work 

HOPG has been used to calibrate the STM and quality control the STM data obtained in 

different times. 

 

Figure 3-11.  Constant - current STM image of HOPG a) 6 x 6 nm2.  

In this study, STM images obtained in air with Agilen 5500 scanning probe microscope 

with Pico view 1.8.2 software. Tungsten wire, (0.25 mm diameter, 99.95%, Alfa Aesar) was used 

to prepare the probes using electrochemical etching technique in a 3 M NaOH (99.99%, 

Semiconductor Grade, Sigma Aldrich) aqueous solution. Images were obtained using constant 

current mode at scan rates ranging from 4.1 lines / second to 4.8 lines / second. 
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Chapter 4. 4-Nitrothiophenol and Bis (4-nitrophenyl) Disulfide as Precursors 

for Modification of Gold 

This chapter describes the use of 4-nitrothiophenol and bis (4-nitrophenyl) disulfide to 

produce nitro-terminated aromatic SAMs on gold surface. The modification was done by 

incubation in a solution containing the precursor. Various solvents (ethanol, acetonitrile, DMF), 

solvent mixtures (THF:Methanol) and incubation times (from minutes to 48 hours) were used. 

Because our main goal was to obtain dense SAMs similar to those observed with the 4-

nitrosulfenyl chloride, only results leading to the highest coverage for the two precursors are 

presented. Two types of gold surfaces were used, polycrystalline gold electrodes and Au(111) 

surfaces. The polycrystalline gold electrodes were used for the stripping cyclic voltammetry 

investigation and hence coverage determination, while the Au(111) were used for the XPS, PM-

IRRAS and STM investigation and hence structural characterization. Since the STM study was 

crucial to this project, great care was given to producing Au(111) surfaces and STM tips of high 

top quality. These two aspects will be described first before reporting the results of the 

investigations of the two precursors. 

4.1 Preparation of Au(111) on Mica 

The most widely used methodology to prepare gold surface, is the evaporation technique 

where gold being deposited on a flat base to make oriented thin films. It is essential for the base 

to be atomically flat and for the gold particles to be able to stick to the surface. Mica is a natural 

silicate mineral with a layered structure and can reveal a large surface area with atomic scale 

flatness just by cleaving the mica sheets. In this study, Au-films were prepared by deposition of 

gold on a mica surface using the evaporation technique detailed bellow.  
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A custom-built evaporation system (MIDAS) is used to evaporate gold wires and deposit 

gold on a freshly cleaved mica sheet. The evaporation system consists of a bell jar (Kurt J. 

Lesker) and a turbo pump (Varian), that sustain a pressure of 1 x 10-6 Torr during the procedure. 

A gold wire (0.762 mm diameter, 99.999%, Alfa Aesar) was heated in the evaporation chamber 

and deposited onto freshly cleaved mica (V1 Grade, Ted Pella). The base plate holding the mica 

was heated at 300 οC for 12 hours prior to the evaporation and an extra 3 hours post deposition, 

which improves the quality of gold surface. Samples subsequently cleaned with chromosulfuric 

acid, anhydrous ethanol, and Milli-Q water and dried with a nitrogen stream and stored in a 

desiccator until further use. The method is adapted from Derose et al.16 STM is used to assess the 

quality of each Au(111) substrates batch before modification. Figure 4-1 shows STM images of 

Au(111) obtained using this procedure. 

 

 

Figure 4-1. Topographic images of thin gold films on mica prepared by MIDAS. (a) 800 

x 800 nm2, (b) 5 x 5 nm2. Tip bias = +0.2 V, tunneling current = 0.8 nA, and scan rate 4.8 lines/s.  
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4.2 STM Tip Preparation  

The preparation of the STM tip is an important step in STM experiments. The quality of 

the tip can directly influence the resolution of STM images. The STM-tip has to be very sharp 

with an atomically stable apex. A blunt tip can cause the electron tunneling to occur across a 

wider spatial range and induce unwanted noise. In this study, a common electrochemical etching 

technique has been used for etching the tungsten wires (0.25 mm diameter). Tungsten is a metal 

with high electrical conductivity that makes it ideal to be used as an STM tip. Figure 4-2 shows 

the basic tip preparation set up. In this set up, a Pt ring is used as a cathode and the anode is the 

steel rod to which to tungsten wire is connected. The process of electrochemical etching involves 

applying a potential (2V) between the ring and the wire through a basic solution (3M NaOH). 

The wire is gradually etched away at the surface until it breaks in two halves. It is essential to 

suspend the W wire at the center of the Pt ring to produce more uniform etching. 

 

Figure 4-2. The basic tip preparation set up. 

 

Solid tungsten is oxidized or etched by OH- and form tungstate anion (WO4
2-). The oxide 

dissolves into the liquid. Equations 4-1 describes the etching process of a tungsten wire in a basic 
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solution.159 As STM tips can be damaged and oxidized easily, they should be stored in a 

desiccator. Light weight foam can be used to insert the back end of a tip for storage. 

 

Cathode:   6H O + 6e  → 3H (g) + 6OH  

Anode:   W(s) + 8OH  → WO + 4H O + 6e

Overall:   W(s) + 2OH + 2H O → WO + 3H O
           4 − 1                                 

Characterization of the produced SAMs is performed using various techniques including 

CV, XPS, PM-IRRAS and STM. 

4.3 Nitrothiophenol as a Precursor for the Modification of Gold Surfaces 

Polycrystalline gold electrodes as well as monocrystalline Au(111) surfaces were 

modified using 4-nitrothiophenol in DMF. The modified polycrystalline gold electrodes were 

characterized with stripping CV which also allowed determination of the SAM coverage. The 

modified Au(111) surfaces were characterized using XPS, PM-IRRAS and STM. 

4.3-1 Stripping CV Results 

Electrochemical studies are performed using a polycrystalline solid gold electrode. 

Electrode first physically and chemically polished and then subjected to ultra sonication in 

ethanol. Electrode then further cleaned electrochemically after cycling in a 0.5 M aqueous KOH 

solution. After cleaning, the electrode is again completely rinsed with EtOH and dried with a 

gentle stream of nitrogen. The pretreated clean gold electrode was immersed in a 10 mM solution 

of 4-nitrophenol for various length of time spanning from few minutes to 48 hours. 

Figure 4-3 shows reductive stripping scans of a polycrystalline gold electrode in 0.5 M 

aqueous KOH after modification with 10 mM concentration of 4-nitrothiophenol in DMF at 

different modification times. A reductive stripping scan for the non-modified polycrystalline 
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electrode is also shown for comparison. A number of interesting observations can be made from 

these results:  

1) Figure 4-3 shows that even after a brief modification period of 5 minutes a relatively 

large reductive signal at -0.86 V versus SCE was detectable compared to the bare polycrystalline 

gold electrode in the same region. The area under the stripping peak increases with the 

modification time until it reaches a maximum at 5 h. For immersion times of 5 h and longer (24 

and 48h) no noticeable difference was observed. These results suggest that the 4-

nitrophenylthiolate adsorbs rapidly to the gold electrode and that a saturation coverage is reached 

within 5 h of modification.  

2) The presence of a sharp peak at the 1st scan and its disappearance at the 2nd scan is 

suggestive of formation of monolayer on the electrode in the modification process. The 

monolayer then completely removed during the initial reductive scan.  

3) In addition to the main reduction peak at -0.86V versus SCE, a reproducible pre-peak 

can also be seen. This pre-peak is usually only observed at shorter modification times. This 

phenomenon is likely related to a phase transition of the monolayer or a reorientation of the 

monolayer molecules under the influence of the applied potential.127 
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Figure 4-3. Time dependent cyclic voltammetry, in a 0.5 M aqueous KOH solution at 25 

ºC, of a 2-mm diameter solid gold electrode modified with 4-nitrothiophenol.  

The area under the reductive cyclic stripping voltammetry peak and the effective area of 

the polycrystalline solid gold electrode were used to calculate the monolayer coverage at 

different modification times. Integration of the area under the reductive stripping peak at -0.86 V 

provides a very high charge density, higher than that expected for the reductive desorption of a 

thiolate monolayer. We believe that this peak is related to the complete reduction of the nitro 

group to the amino group (Equation 4-2) and simultaneous desorption of the monolayer as well 

as the contribution from the non-faradic current (Equation 4-3).  

 

Au − S − ArNO + 6e + 4H O  →   Au − S − ArNH +  6OH                   4 − 2 

Au − S − ArNO +  e  → Au +  O NAr − S                                                     4 − 3 
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The effective surface area of the polycrystalline solid gold electrode is calculated from 

the cyclic voltammetry of a 1 mM solution of ferrocene in 0.1 M tetrabutylammonium 

hexafluorophosphate (n-Bu4NPF6) / acetonitrile) at different scan rates using Randles–Sevcik 

equation (equation 4-4). 

A = I 0.4663 × n × F × × D × C × v                                   4 − 4  

Where Ae is the effective gold electrode area in cm2, I is the anodic/cathodic peak current 

in amps, ne is the number of electrons transferred in the redox event (1 for ferrocene), F is 

Faraday’s constant in Cmol−1, R is the general gas constant in J K−1 mol−1, T is the temperature 

in K, D is the diffusion constant in cm2/s, C is the concentration in mol.cm-3, and v is the scan 

rate in V/s. 

Figure 4-4 shows a lot of the calculated coverage as a function of the modification time. 

The monolayer coverage increases rapidly from 5 minutes to 5h of the modification. The 

calculated surface coverage for a short modification time of 5 minute is 0.15ML. Further 

increasing the modification time, reveals a rise in coverage, plateauing at ~0.33 ML after 

modification for 5h. These results demonstrate the possibility of achieving very high coverage on 

gold using 4-nitrothiophenol. 
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Figure 4-4. Time dependent coverage of the monolayer deposition calculated from the 

reductive stripping voltammetry of previously modified polycrystalline solid gold electrodes in a 

0.5 M aqueous KOH solution at 25 ºC.  

The stripping CV investigation showed clearly that 4-nitrothiophol can successfully be 

used to obtain high modification coverage similar to those obtained using 4-nitrosulfenyl 

chloride. Before settling with these modification conditions (10 mM in DMF for 5h or longer) 

various conditions (different concentrations (from 1mM to 10mM), solvents (ethanol, 

acetonitrile, methanol, THF) and incubation times (from minutes to 48 hours)) were tested with 

limited success with much lower coverages were observed. Once these modification conditions 

were optimized and in order to gain more insights into to the structure of the obtained SAMs, 

Au(111) surfaces were modified and characterized using XPS, PM-IRRAS and STM. 

4.3-2 XPS Characterization 

The same modification procedure for the Au(111) substrates was used for the XPS, PM-

IRRAS and STM investigations. The Au(111) substrate was immersed in a 10 mM solution of 
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the precursor for various periods of times spanning from a few minutes to 48 hours depending on 

the characterization techniques intended for. Dried and degassed DMF was used as a solvent in 

all experiments and the modification is performed in an inert argon environment. Samples were 

rinsed thoroughly but gently with DMF and pure ethanol to remove physiosorbed over-layers. 

The samples were then dried with a gentle stream of nitrogen for 2-5 minutes. 

XPS was used to determine the chemical composition of the obtained monolayers. Figure 

4-5 shows the X-ray photoelectron results for a Au(111) surface modified under argon 

atmosphere using a 10 mM solution of 4-nitrothiophenol in dry, degassed N,N-

dimethylformamide (DMF) for 48 h. Signals corresponding to the S, C, N elements confirm the 

deposition on the gold surface of a chemical structure in accordance with the precursor. In the S 

2p region, an unresolved doublet is observed at binding energy levels of 162.0 and 163.1 eV for 

the S 2p3/2 and S 2p1/2, respectively. These binding energies correspond the gold-thiolate bond. 

No signal is observed in this region for unbounded sulfur or higher oxidation species of sulfur. 

Two signals are observed in the C1s region including 285.4 eV for the C-N and C-S carbons and 

284.2 eV for the aromatic carbons. For the nitro group, the N 1s signal is observed at 399 eV, 

which is typically assigned to the NH2 group due to the reduction of the NO2 group that can 

result from prolonged X-ray exposure. Due to low signal intensity of the elements in SAMs at 

short exposure, the exposure time was increased to 28h. The prolonged irradiation time 

subsequently resulted in conversion of NO2 to NH2 group. This phenomenon has been well 

studied previously.71,160 It has been shown that aromatic-NO2 moieties on the monolayer are very 

sensitive to X-ray irradiation exposure, which often leads to the reduction of the NO2 to NH2 

functional group.  
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Figure 4-5. XPS spectra of the sulfur, nitrogen and carbon regions of modified Au(111) 

on mica using a 10 mM solution of 4-nitrothiophenol in dry, degassed DMF for 48 h. 

The XPS investigation clearly shows that all excepted elements of the nirothiophenyl 

structure are observed. These data are similar to the ones previously observed for the SAMs 

obtained using the 4-nitrophenyl sulfenyl chloride as a precursor. 

4.3-3 PM-IRRAS Characterization 

PM-IRRAS was also used to characterize the SAM obtained by modification of Au(111) 

using 4-nitrophenol. It was particularly helpful in identifying functional groups on the surface. It 

also provided additional insights into the orientation of the adsorbed thiolate on the Au surface. 

Figure 4-6b, c shows the structure of the 4-nitrothiophenol using density functional theory (DFT) 

calculations at the B3LYP level with the 6-311++G(d,p) basis set showing the molecular 

vibrations and their IR vectors.161 The optimized structure and the calculated IR spectra are used 

to determine the main vibration modes. Figure 4-6a shows the PM-IRRAS spectrum of a 
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Au(111) surface modified using a 10 mM solution of 4-nitrothiophenol in DMF for 48 hours. An 

intense peak is observed at 1344 cm-1, which corresponds to symmetric stretch of NO2 (r+NO2). 

A small peak that appears as a weak shoulder is also observed for the asymmetric stretch of the 

nitro group (r-NO2) at 1513 cm-1. The intensity of the asymmetric NO2 stretch is markedly lower 

than its symmetric stretch intensity. The reduction in the intensity of the nitro stretching mode 

has been previously reported for nitro containing SAMs.2,161 The reduction in intensity could be 

due to temporary change in the direction of the dipole moment in the given mode on the metal 

substrate, which is perpendicular to the 1,4 molecular axis and does not respond to the polarized 

light. 

 

Figure 4-6. PM-IRRAS spectrum of modified Au (111) on mica using a 10 mM solution 

of 4-nitrothiophenol in DMF for 48 hours. b and c) Representation of atomic displacements 

(black arrows) and IR vectors (red arrows) of optimized structure of 4-nitrothiophenol: 

vibrational modes of the symmetric (b) (r+ NO2) and asymmetric (c) (r- NO2) stretch modes of 

the NO2 group. 
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The PM-IRRAS data suggest a nearly vertical orientation of the adsorbed molecules. 

These results are similar to the ones previously observed for the SAMs obtained using the 4-

nitrophenyl sulfenyl chloride as a precursor.  

4.3-4 STM Investigation 

STM was used to characterize the structure of the obtained 4-nitrophenlthiolate SAM 

using the 4-nitrothiophenol as precursor. Figure 4-7 shows various resolutions of STM images of 

a Au (111) surface modified with 10 mM 4-nitrothiophenol in DMF for 48 hours. These images 

provide detailed information about the structure of the modified surface. The efficiency of the 

modification method and the extent of the modification on the surface can be assessed by the 

large-scale images obtained by the STM. Sub-molecular details and long-range ordered domains 

can be observed on Au surface in small-scale images. It is important to note that these images are 

similar to the ones obtained for SAMs prepared with the 4-nitophenyl sulfenyl chloride.2 
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Figure 4-7. STM images of a Au(111) surface in air, modified using 4-nitrothiophenol 

(10 mM in DMF) for 48 h. (a) 30 × 30 nm2 and (b) 12 × 𝟏𝟐 nm2. Tip bias = 0.1 V, tunneling 

current (0.1 - 0.4 nA) and scan rate (4.8 lines/s). 

For the well-ordered phase (Figure 4-8) two lattice vectors (a = 4.99 ± 0.15Å and b = 

4.97 ± 0.19 Å) were used to describe a unit cell. The angle between them measured as (α = 61.01 

± 2.02o). The dimensions of the unit cell are similar to the √3 x √3 structure typically observe for 

aliphatic SAMs. This molecular density implies excellent molecular packing between the 

aromatic moieties. The SAMs obtained from 4-nitrothiophenol as a precursor are markedly 

robust and the STM images were stable and reproducible using a wide range of tunneling 

conditions (0.1 to 0.4 nA).  
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Figure 4-8. STM images of a Au(111) surface in air, modified using 4-nitrothiophenol 

(10 mM in DMF) for 48 h. (a) 12 x 12 nm2, (b) 3 x 3 nm2, (c-d) Height profiles along line A and 

B. Tip bias = 0.1 V, tunneling current = 0.2 nA and scan rate = 4.8 lines/s. 

As discussed before, obtaining long-range-ordered aromatic SAMs specifically in the 

case of substituted aromatic thiols as precursors is challenging. For example, STM images of 

SAMs obtained using halogen-substituted thiophenol by Jiang et al162 and Wong et al163 showed 

that molecules self-assemble only into low-coverage ordered phases. They concluded that 

molecules are more inclined to lay down toward the gold surface. Similarly, STM investigation 
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of 4-nitrophenyl thiolate SAMs in solution by Kolb et al.164 also showed lower coverage with 

small domains of ordered structures together with unordered phases. To our knowledge, our 

investigation is the first report of high density aromatic SAMs obtained using 4-nitrothiophenol 

as a precursor. The robust high coverage, highly packed SAM obtained in the current work 

revealed the same very unique hexagonal features corresponding to sub-molecular structures 

observed for the sulfenyl chloride SAMs. 

4.3-4a Superstructures and their Dynamics 

The most interesting results in this study were provided by the high-resolution STM 

images (Figures 4-9 and 4-10). These correspond to the unique hexagonal and parallelogram 

structures observed within the densely packed SAM. These unique features were only observed 

once before for SAMs prepared using the 4-nitropehnyl sulfenyl chloride as a precursor in the 

Houmam group.2 They were never observed for aliphatic SAMs. The unique hexagonal 

structures contain a central bright spot distinguished from the surrounding spots. Line profiles 

drawn, in various directions, through the brighter spots, located at the center of the hexagonal 

structures, show that these molecules are standing higher compared to other surrounding 

molecules (Figure 4-9). The line profiles drawn across these brighter spots in different directions 

also revealed that the distance of these brighter spots and the adjacent molecules are 5 Å. This 

observation, regardless of what has been actually observed by STM (S or terminal group) shows 

that each spot represents a single molecule on the surface. As a result of these observations, and 

like for the 4-nitrophenyl sulfenyl chloride SAM,2 it is suggested that the height differences 

among molecules can be due to the presence of adsorbed molecules with different twist or tilt 

angle, which may bring the molecules or atoms to slightly different heights.  
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The current results are very important because they provide support to the previous 

studies in the Houmam group regarding the origin of the brighter spots as nearly vertical oriented 

molecules compared to the rest of the adsorbed molecules in the 4-nitrophenelthiolate SAM 

using a different precursor.2 It is worth noting that this was only possible because of the 

successful optimization of the modification conditions to obtain a higher SAM coverage than 

what has been reported before despite the huge amount of work on thiols as SAM precursors. 

 

Figure 4-9.  a) STM image of a Au(111) surface modified using 4-nitrothiophenol (10 

mM in DMF) for 48 h, 12 x 12 nm2. Tip bias = +0.1 V, tunneling current = 0.2 nA and scan rate 

= 4.8 lines/s. (b) Line profiles along lines A, B and C over a brighter spot from three different 

directions. 

Consecutive STM imaging demonstrates the dynamic nature of the particular molecular 

structures. Figure 4-10 shows consecutive STM images of the same area taken with a time 

interval of 48 seconds. In these images, a solid red rectangle represents a hexagon structure that 
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transforms to the regular √3 x √3 structure and then back to a hexagonal structure in sequential 

images of a defined area. Another interesting finding is the formation of de novo structures such 

as parallelograms as seen in Figure 4-10 (white and yellow rectangles). A hexagon appears to be 

transforming into a parallelogram and turn back into hexagon in the subsequent images of the 

same area. A plausible explanation is that all spots regardless of their darkness and brightness 

represent the same adsorbed molecule and variation in the brightness of the spots and surface 

features might reflect the arrangements and rearrangements of the molecules on the surface. 

These findings reinforce the theory of dynamic molecules on highly packed SAM. 
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Figure 4-10. Consecutive STM imaging of a SAM of 4-nitrothiophenol on Au(111). 

12 × 12 nm2. Images are taken in the sequence a-d. Tip bias = +0.1 V, tunneling current = 0.2 nA 

and scan rate = 4.8 lines/s. 

4.3-4b Origin of the Superstructures  

Further analysis of the STM images with focus on the superstructures can provide a better 

insight to the origin of these structures. The length of several hexagons edges are about 5 Å 

consistent with expected dimensions of hexagonal structure. Figure 4-11b-g show line profiles 

along all edges of the hexagons. Interestingly three peaks are readily visible along the edge of the 
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hexagons. Two observed peaks are ~2.20-2.33 Å apart from each other and the third peak located 

at a slightly longer distance (~2.79-2.87Å). All edges of the hexagon are almost identical in 

length indicating thus the two peaks in a line profile must be representing a single molecule. We 

already knew that the hexagon is composed of six individual molecules with an extra molecule in 

the middle. A very mild filtering (levelling and smoothing) applied to the STM image to reduce 

the noise (Figure 4-11d) leads to further characterization of the hexagons, showing 12 spots 

consistent with the extracted line profiles.  

In order to understand the origin of these 12 spots, we calculate the distance between two 

oxygens of nitro group in an optimized structure of the parent molecule at the B3LYP level at 

2.18 Å. This value is close to the one obtained from the line profile for each edge of the hexagon 

in the STM images. This reconfirms the suggestion, made in the investigation of the 4-

nitrophenylsulfenyl chloride,2 that these spots represent the oxygen atoms of the NO2 groups. 

Therefore, the 12 observed spots arise from a special arrangement of the adsorbed molecules. In 

order to locate two spots representing two oxygen atoms of the terminal nitro group along the 

edge of the hexagon, the molecule should be angled in such a way that one of the oxygen atoms 

aligns with the sulfur atom of the same molecule (Figure 4-12c). Figure 4-12e,f show a 

schematic top view of this structure. In this case STM sees each individual molecule as two 

spots.  
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Figure 4-11. STM image of a Au(111) surface modified using 4-nitrothiophenol showing 

a hexagon structure. Scan size: (3 x 3 nm2). (b) to (g) Line profiles along six edges of the 

hexagon as marked in a. 
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Figure 4-12.  a) STM images of a SAM of 4-nitrothiophenol on Au(111). 12 ×12 nm2. b) 

Height profile along line A. c) optimized structure of p-nitrophenyl thiolate along with its top 

view. d) STM image showing a hexagon (scan size: 3 × 3 nm2). e) Schematic representation of 

the molecular rearrangement providing the hexagonal structure. (Reprinted with permission from 

reference 2). f) Top view schematic structure of 4-nitrophenyl thiolate molecules on the Au(111) 

surface. Tip bias = +0.1 V, tunneling current = 0.2 nA and scan rate = 4.8 lines/s. 

Beside the predominantly observed hexagons, STM images also show parallelogram 

structures that originate, as previously discussed, from a certain molecular arrangement that can 

reversibly reform the hexagonal structure. Figure 4-13 illustrates the STM image and line 

profiles for a parallelogram structure. Like the hexagonal structure, line profiles drawn along 

four edges of the parallelogram show three distinct peaks with two peaks closer to each other 

than the third one. A model for the formation of the parallelogram is suggested in Figure 4-13b,c. 
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Figure 4-13. a) STM images of a Au(111) surface modified using 4-nitrothiophenol 

showing two parallelogram structures. d-g) Line profiles along the parallelogram edges. b) 

Schematic representation of the molecular rearrangement providing the parallelogram structure. 

(Reprinted with permission from reference 2). c) Top view schematic structure of 4-nitrophenyl 

thiolate molecules on the Au(111) surface. Tip bias = 0.1 V, tunneling current = 0.2 nA and scan 

rate = 4.8 lines/s.  

As discussed before, the long profiles going through the brighter spots in the middle of 

each hexagon in Figure 4-9b and Figure 4-12b show that these spots are standing higher than the 

rest of the molecules. Based on the proposed structure for the hexagons and knowing that the 

central spots interact equally with all the six molecules in the hexagon, it was suggested that 

these central brighter spots represent vertically absorbed molecules while the remaining 

molecules are slightly tilted. This finding is supported by the PM-IRRAS data that demonstrated 
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that the molecules are less tilted on the surface. This has been achieved by measuring the 

difference of intensity between symmetric and anti-symmetric NO2 stretches. Figures 4-12e, f 

show the proposed model for the SAM on gold where a hexagon is surrounded with a √3 x √3 

phase. Besides resolving the orientation of molecules on the surface, these data suggest that not 

only STM shows a high packed aromatic thiolate SAM on gold substrates but also that it is 

capable of visualizing the atomic resolution. These STM images provide new explanations and 

raise new questions for a heavily debated fundamental aspect in STM. For example, why certain 

molecules appear as individual spots and others are involved in creating superstructures such as 

hexagons, and pralellograms? And why the molecules are dynamic on the surface and convert 

from one form to another?  

It has been shown that the surface stress would be larger for structure whose molecular 

density is higher compared to lying-down phase.165 Thus based on current results and the 

observations published by Houmam et al.2 the presence of distinct features and rearrangements 

on the surface of aromatic SAMs with high molecular coverage are most likely the result of 

SAM stress. This stress may arise from the lattice mismatch between an adsorbate layer 

(aromatic moiety) and the substrate that can be released by increasing or decreasing the distance 

between adsorbate molecules, which subsequently led to the alteration in arrangement of certain 

adsorbed molecules. It is logical to suggest that molecules that are involved in making the 

particular structures (hexagons and parallelograms) are in a frozen state allowing for the sub 

molecular details to be observed. There are other bright spots that are not involved in formation 

of these structures. These bright spots may be more dynamic, with slight twisting around the 

molecular axis. 
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Previous STM studies in the Houmam group, using 4-nitrophenyl sulfenyl chloride as a 

precursor, provided the initial thought about this hypothesis. Low (showing mainly a row based 4 

x √3 phase)67 and high (showing a √3 x √3 hexagonal phase)2 coverage aromatic SAMs, using 

two different modification conditions, were reported in the STM images. The superstructures 

were exclusively observed in the high coverage SAMs. The present study provides support for 

these initial investigations as it confirms, using a different precursor, that (i) highly packed 

SAMs, higher than what has been previously reported, can indeed be obtained using aromatic 

thiols, (ii) the same unique structures, hexagons and parallelograms, are observed for the 4-

nitrophenyl thiolate SAMs as seen with the sulfenyl chlorides as precursors, and (iii) that sub-

molecular details are observed by STM for the NO2 terminal group for these SAMs. This last 

result is particularly important and helps understand the origin of the bright spots, corresponding 

to adsorbed molecules, in STM images of standing-up SAMs. 
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4.4 Bis(4-nitrophenyl) Disulfide as a Precursor for the Modification of Gold Surfaces 

The bis(4-nitrophenyl) disulfide was investigated in the same manner as the 4-

nirothiophenol. Both polycrystalline gold electrodes as well as Au(111) surfaces were used. 

Various conditions were tested but the SAMs obtained with this precursor were of much lower 

quality than those obtained for the parent thiol. Here we report the results for the modification 

conditions that showed the highest coverage.  

4.4-1 Stripping CV Results 

Reductive stripping voltammetry provided initial evidence for the successful 

modification of polycrystalline gold electrodes using bis(4-nitrophenyl) disulfide as a precursor. 

The gold electrodes were prepared as previously described for the 4-nitothiophenol (see section 

4.3-1). The modification was performed in a 10 mM solution of bis(4-nitrophenyl) disulfide in 

DMF. The reductive stripping was performed in a 0.5 M aqueous KOH solution at different 

modification times, the results of which are presented in Figure 4-14. 

A reductive stripping peak (-0.89 V vs SCE) is observed at modification time of 10 min 

for the 1st scan and a response similar to the bare gold is observed for the 2nd scan for the 

modified solid polycrystalline gold electrode. The area under the stripping peak increases from 

10 min to 10 h modification time and remains constant at longer modification times up to 18 

hours.  

Figure 4-15 shows a time dependent coverage, calculated using the method described in 

section 4.3-1. The measured desorption charges indicate that the disulfide based monolayers 

have much lower packing density compared to the ones prepared using the parent thiol. The 

calculated surface coverage increased from ~0.035 ML for a 10 minutes modification time to 
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0.111 ML for a 10 h of modification time. No coverage increase was observed beyond the 10 h 

modification time and the maximum coverage value was indeed 0.111ML, a lot lower than the 

value found with the 4-nitrothiophenol as a precursor (0.33 ML).  

Similar observations have been reported previously in the literature. For example, 

electrochemical and second harmonic generation (SHG) experiments showed that the rate of 

adsorption on gold surfaces for disulfides is about 40% slower than thiols.55,166 Hager et al. 

reported different behaviors for the adsorption and desorption of a thiol and a disulfide at an 

Au(111) single crystal electrode.167   

 

Figure 4-14.  Time dependent cyclic voltammetry, in a 0.5 M aqueous KOH solution at 

25 ºC, of a 2-mm diameter solid gold electrode modified with bis(4-nitrophenyl) disulfide. 
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Figure 4-15. Time dependent coverage of the deposited monolayer calculated from the 

reductive stripping voltammetry of previously modified polycrystalline solid gold electrodes in a 

0.5 M aqueous KOH solution at 25 oC.  

These results show already that while the modification of polycrystalline gold 

electrodes is feasible using bis(4-nitrophenyl) disulfide, the coverage is very low, and the 

expected SAM structure is not a highly packed phase as observed with the 4-nitrothiophenol 

and before with the 4-nitrophenyl sulfenyl chloride. 

4.4-2 XPS Characterization 

Figure 4-16 shows X-ray photoelectron results for a Au(111) surface modified using a 10 

mM solution of bis(4-nitrophenyl) disulfide in dry, degassed DMF for 48 h under nitrogen 

atmosphere. An unresolved doublet for the S 2p region is observed at binding energies of 162.0 

and 163.2 eV for the S 2p3/2 and S 2p1/2, respectively that is representative of gold-bound thiolate 

species. Absence of the intact S - S bond signal confirms that the chemisorption of the disulfide 

proceeds with dissociation of the S - S bond.13 Two signals are observed in the C1s region 
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including 285.5 eV for the C-N and C-S carbons and 284.3 eV for the aromatic carbons. The N1s 

peak observed at 399 eV originates from the amino group (see section 4.3-2 for details).  

 

Figure 4-16. XPS spectra of the sulfur, carbon and nitrogen regions of Au(111) on mica 

modified using a 10 mM solution bis(4-nitrophenyl) disulfide in dry, degassed DMF for 48 h 

under nitrogen atmosphere. 

4.4-3 PM-IRRAS Characterization 

Au(111) substrates on mica were modified with a 10 mM concentration of bis(4-

nitrophenyl) disulfide in DMF for 48 hours. PM-IRRAS analyzes of these samples did not show 

any peak for NO2 in either symmetric or asymmetric stretching mode. Absence of the NO2 signal 

is suggestive of parallel orientation of the nitro functions in relation to the surface. In other word 

the vector in this mode shows pararelism to the Au surface and therefore it will not respond to IR 

irradiation. These results are in agreement with the ones obtained with stripping votammetry and 
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further support the formation of a lower density monolayer using bis(4-nitrophenyl) disulfide as 

a precursor. 

4.4-4 STM Investigation  

Figure 4-17 shows STM images of a modified Au(111) substrate using a 10 mM solution 

of bis(4-nitrophenyl) disulfide in DMF for 48 hours. While the thiol modification gives a high 

coverage SAM, the disulfide one leads only to a very low coverage SAM, under the same 

experimental conditions. In this study STM images show areas of small domains with ordered 

structures next to areas of unordered phases as seen on Figure 4-17a.  

In the ordered phase (Figure 4-17b) the adsorbed molecules are organized into parallel 

stripes, separated by a distance of 8.51 Å ± 0.45 Å (Line B) and each stripe comprised of 

molecules that are 4.74 ± 0.25 Å apart from each other (Line A) suggesting a much lower density 

of molecules on the surface compared to 4-nitrohiophenol precursor and previously in our group 

with the 4-nitrophenyl sulfenyl chloride.67 Assuming that each bright spot is ascribed to an 

individual 4-nitrothiophenolate molecule, these dimensions reveal a 3 x √3 structure. The 

proposed structural model containing a 3 x √3 unit cell is shown in Figure 4-17c.  

. 
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Figure 4-17. Unfiltered STM images of a Au(111) surface in air  on mica modified using 

bis (4-nitrophenyl) disulfide (10 mM in DMF) for 48 h. (a) 40 × 40 nm2, b) 9 × 9 nm2, c) 

Proposed structural model for the 4-nitrophenylthiolate SAM on Au(111). Bias (0.1 V) tunneling 

current (0.8 nA) and scan rate (4.8 lines/s). 

A number of explanations can be suggested for the lower coverage and striped phases 

observed in the case of disulfide SAMs.  

- Sterically, approach of the S2 moiety of the disulfide to the surface is likely hindered 

particularly when they are attached to the bulky substituted ring. 

- The adsorption of the disulfide is likely to occur on different sites at Au(111) than 

that of the thiol with larger tilt angle.168 

In addition to the STM images, data obtained from other characterization techniques 

including PM-IRRAS and CV collectively provide strong support for the low coverage of 

disulfide SAM and show that the adsorbed aromatic thiolates are likely much tilted compared to 

those standing up in the SAMs obtained from 4-nitrothiophenol and previously from the 4-

nitrophenyl sulfenyl chloride.67 
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Chapter 5. Summary and Future Work 

5.1 Summary and Conclusion  

The main purpose of this thesis is to provide further evidence into heavily debated issues 

regarding the origin of the various features and ability of STM to image atomic resolution. 

Previous studies on STM images obtained from 4-nitrophenyl sulfenyl chloride SAM on 

Au(111) provided a unique insight into arrangement of molecules and for the first time 

demonstrated that the STM is capable of visualizing sub-molecular details. Despite this strong 

proof of principal, the ability of STM to uncover the sub-molecular details of SAM remains 

elusive. In order to gain more insight into the nature of the information that is gathered by STM 

from the surface and to assess the ability of STM to unravel sub-molecular details, we studied 

the SAMs attained by two nitro-substituted precursors (4-nitrothiophenol and bis (4- nitrophenyl) 

disulfide) on gold surfaces using various characterization techniques including CV, XPS, PM-

IRRAS and STM. Obtaining long-range-ordered aromatic SAMs are more challenging in 

comparison to aliphatic SAMs. It is important to overcome the limitations including low packing 

densities and irreproducibility specifically in aromatic thiols that also undergo oxidation to 

disulfides and sulfonates in solution as well as surface. In this study a wide range of modification 

conditions have been used to achieve high coverage SAMs.  

Using 4-nitrothiophenol lead to the successful formation of highly ordered and densely 

packed aromatic SAMs on Au(111) and polycrystalline solid gold electrodes under controlled 

modification conditions. Reductive stripping voltammetry was used as straightforward technique 

to assess the modification of a polycrystalline gold where the reduction of the nitro group was 

observed along with the desorption of the monolayer. Area under reductive peak also revealed 
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the high surface coverage. XPS analysis of the modified surface revealed successful formation of 

monolayer and signals associated with all elements (C, N, S) were detected. This is further 

supported by using PM-IRRAS technique that identified the functional group and provided 

further evidence for the nearly vertical orientation of the precursor molecules on the surface. 

STM has shown the formation of closely packed and highly ordered aromatic SAMs on Au(111) 

corresponding to a √3 x √3 hexagonal phase with an area per molecule of ~21.4 Å2 that this 

study, to our knowledge is the first report of high density aromatic SAM obtained with this 

precursor. Beside the main hexagonal lattice, the same unique structures, hexagons and 

parallelograms, are observed for the 4-nitrophenyl thiolate SAMs as seen with the sulfenyl 

chlorides as precursors and that sub-molecular details are observed by STM for the NO2 terminal 

group for these SAMs.  

In order to provide more evidence for the origin of superstructures observed by STM, bis 

(4-nitrophenyl) disulfide has been selected as another representative of the nitro terminated 

aromatic SAM family. It was expected to obtain similar monolayer, with the same properties as 

the SAM prepared from its corresponding thiol. Even through XPS spectra confirmed that both 

thiol and disulfide precursors form chemically similar monolayer (thiolate-gold bond), however 

data obtained from other techniques such as CV, and STM revealed a much lower quality SAM. 

The lack of NO2 signal in PM-IRRAS analyzes strongly suggest that molecules are more inclined 

to lie down on the Au(111) surface and therefore IR is not able to show even the asymmetric 

stretch mode of NO2. STM images show relatively short-range domains with ordered structure 

and no evidence for the presence of superstructures. For the well-ordered phase, a unit cell of 3 x 

√3 structure can be deduced. Comparing the thiol and disulfide derived SAMs, revealed that 

superstructures were only observed in densely packed SAMs obtained from 4-nitrothiophenols. 
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Similar results previously reported by Houmam et al. using nitrophenyl sulfenyl precursor at low 

and high coverage, using two different modification conditions.2 So, it is plausible to conclude 

that the presence of distinct features and rearrangements on the surface are most likely induced 

from the SAM stress so It is logical to suggest that the molecules involve in formation of a 

particular structures (hexagons and parallelogram) are in a frozen state allowing for the sub-

molecular details to be observed. This study in conjunction with the previously published 

research122 provide stronger evidence into the long-standing question regarding the ability of 

STM to image sub-molecular details of the molecules.  

5.2 Future Work 

In this study, we investigated the STM contrast of nitro-terminated aromatic SAMs. In 

conjunction with previously published studies,2 we suggested that STM is capable of providing 

atomic resolution. For example, in our work we could suggest that STM is visualizing the two 

oxygen atoms in the terminal NO2 group of aromatic SAM. More studies required in order to 

fully understand the nature and the origin of the STM contrasts. This can be explored further by 

utilizing different precursors with nitro terminal group or STM study of similar SAMs with 

monoatomic tail groups (e.g. Cl, Br etc.) under different imaging conditions. 

Fabrication of well-defined organic surfaces with specific properties received a lot of 

attentions. Within the wide library of functional groups −NO2 has been widely employed for 

post-modification of SAMs due to its ability to couple with other compounds. Electron 

withdrawing capability, sensitivity of the nitro group towards different irradiation sources and 

easily converting to primary amine functions (−NH2) make nitro terminated SAMs practical in 

the fields of electronic, biology and lithography purposes. 
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For example, SAMs from nitro-terminated group have been used to create biocompatible 

surfaces with the ability to transform nitro groups (−NO2) into primary amine that can be 

subsequently bioconjugate with proteins on the surface. 

So, as an extension of this project, the formation of well-ordered nitro-terminated 

aromatic SAMs can provide the foundation for the post-modification procedures such as 

chemical post-modifications and scanning electrochemical microscopy techniques. 

  



 

83 

REFERENCES 

1. Zeng, C. et al. What can a scanning tunneling microscope image do for the insulating 
alkanethiol molecules on Au(1 1 1) substrates? J. Chem. Phys. 117, 851–856 (2002). 

2. Houmam, A., Muhammad, H. & Koczkur, K. M. Physical structure of standing-up 
aromatic SAMs revealed by scanning tunneling microscopy. Langmuir 27, 13544–13553 
(2011). 

3. Greene, J. E. Tracing the 4000 year history of organic thin films: From monolayers on 
liquids to multilayers on solidsa). Appl. Phys. Rev. 2, 011101 (2015). 

4. B. Franklin, Memoirs of Benjamin Franklin (Harper & Brothers Publishing, New York, 
1839), Vol. 2, p. 281.No Title. 

5. T. Young, “Cohesion of fluids,” Philos. Trans. R. Soc. London 95, 65 (1805). 

6. The Nobel Prize Internet Archive, see http://almaz.com/nobel/chemistry/. 38I. Langmuir, 
“The dissociation of hydrogen into atoms,” J. Am. Chem. Soc. 34, 860 (1912. 

7. Bigelow, W. C., Pickett, D. L. & Zisman, W. a. Oleophobic monolayers. Films Adsorbed 
From Solution In Non-Polar Liquids. J. Colloid Sci. 1, 513–538 (1946). 

8. Sagiv, J. Organized Monolayers by Adsorption. 1. Formation and Structure of Oleophobic 
Mixed Monolayers on Solid Surfaces. J. Am. Chem. Soc. 102, 92–98 (1980). 

9. Nuzzo, R. G. & Allara, D. L. Adsorption of Bifunctional Organic Disulfides on Gold 
Surfaces. J. Am. Chem. Soc. 105, 4481–4483 (1983). 

10. Blodgett, K. B. Films Built by Depositing Successive Monomolecular Layers on a Solid 
Surface. J. Am. Chem. Soc. 57, 1007–1022 (1935). 

11. Rubinger, C. P. L. et al. Langmuir-Blodgett and Langmuir-Schaefer films of poly(5-
amino-1-naphthol) conjugated polymer. Appl. Surf. Sci. 253, 543–548 (2006). 

12. Azzam, W. Self-Assembled Monolayers on Gold ade from Organothiols Containing an 
Oligophenyl-Backbone Dissertation zur Erlangung des Grades eines Doktors der 
Naturwissenschaften der Fakultät für Chemie der Ruhr-Universität Bochum Self-
Assembled Monolayers on Gold ade from Organothiols Containing an Oligophenyl-
Backbone. (2003). 

13. Love, J. C., Estroff, L. A., Kriebel, J. K., Nuzzo, R. G. & Whitesides, G. M. Self-
assembled monolayers of thiolates on metals as a form of nanotechnology. Chemical 
Reviews 105, (2005). 

14. George, M. A., Glaunsinger, W. S., Thundat, T. & Lindsay, S. M. Cr203, as. 189, 59–72 
(1990). 

15. Masahiro, K. & Noboru, S. Effects of temperature, thickness and atmosphere on mixing in 
Au-Ti bilayer thin films. J. Mater. Sci. 28, 5088–5091 (1993). 

16. DeRose, J. A., Thundat, T., Nagahara, L. A. & Lindsay, S. M. Gold grown epitaxially on 



 

84 

mica: conditions for large area flat faces. Surf. Sci. 256, 102–108 (1991). 

17. Dishner, M. H., Ivey, M. M., Gorer, S., Hemminger, J. C. & Feher, F. J. Preparation of 
gold thin films by epitaxial growth on mica and the effect of flame annealing. J. Vac. Sci. 
Technol. A Vacuum, Surfaces, Film. 16, 3295–3300 (1998). 

18. Steckelmacher, W. Introduction to surface and thin film processes. Vacuum 62, 387–388 
(2001). 

19. Inc., J. a. A. C. E. et al. Modern Electroplating. (2010). 

20. Dowling, D. P., Donnelly, K., McConnell, M. L., Eloy, R. & Arnaud, M. N. Deposition of 
anti-bacterial silver coatings on polymeric substrates. Thin Solid Films 398, 602–606 
(2001). 

21. Laibinis, P. E. et al. Comparison of the structures and wetting properties of self-assembled 
monolayers of n-alkanethiols on the coinage metal surfaces, copper, silver, and gold. J. 
Am. Chem. Soc. 113, 7152–7167 (1991). 

22. Love, J. C., Wolfe, D. B., Chabinyc, M. L., Paul, K. E. & Whitesides, G. M. Self-
assembled monolayers of alkanethiolates on palladium are good etch resists. J. Am. Chem. 
Soc. 124, 1576–1577 (2002). 

23. Maoz, R. & Sagiv, J. On the formation and structure of self-assembling monolayers. I. A 
comparative atr-wettability study of Langmuir-Blodgett and adsorbed films on flat 
substrates and glass microbeads. J. Colloid Interface Sci. 100, 465–496 (1984). 

24. Gun, J., Iscovici, R. & Sagiv, J. On the Formation and Structure of Self-Assembling 
Monolayers .2. a Comparative-Study of Langmuir-Blodgett and Adsorbed Films using 
Ellipsometry and Ir Reflection Absorption-Spectroscopy. J. Colloid Interface Sci. 101, 
201–213 (1984). 

25. Tillman, N., Ulman, A., Schildkraut, J. S. & Penner, T. L. Incorporation of Phenoxy 
Groups in Self-Assembled Monolayers of Trichlorosilane Derivatives: Effects on Film 
Thickness, Wettability, and Molecular Orientation. J. Am. Chem. Soc. 110, 6136–6144 
(1988). 

26. Gun, J. & Sagiv, J. On the formation and structure of self-assembling monolayers. J. 
Colloid Interface Sci. 112, 457–472 (1986). 

27. Carson, G.; Granick, S. J. Appl. Polym. Sci. 1989, 37, 2767. 

28. Jeon, N. L., Finnie, K., Branshaw, K. & Nuzzo, R. G. Structure and Stability of Patterned 
Self-Assembled Films of Octadecyltrichlorosilane Formed by Contact Printing. Langmuir 
13, 3382–3391 (1997). 

29. Nuzzo, R. G., Fusco, F. A. & Allara, D. L. Spontaneously Organized Molecular 
Assemblies. 3. Preparation and Properties of Solution Adsorbed Monolayers of Organic 
Disulfides on Gold Surfaces. J. Am. Chem. Soc. 109, 2358–2368 (1987). 

30. McGuiness, C. L. et al. Molecular self-assembly at bare semiconductor surfaces: 
Preparation and characterization of highly organized octadecanethiolate monolayers on 



 

85 

GaAs(001). J. Am. Chem. Soc. 128, 5231–5243 (2006). 

31. Ciszek, J. W., Stewart, M. P. & Tour, J. M. Spontaneous assembly of organic thiocyanates 
on gold sufaces. Alternative precursors for gold thiolate assemblies. J. Am. Chem. Soc. 
126, 13172–13173 (2004). 

32. Ciszek, J. W. & Tour, J. M. Mechanistic implications of the assembly of organic 
thiocyanates on precious metals. Chem. Mater. 17, 5684–5690 (2005). 

33. Tour, J. M. et al. Self-Assembled Monolayers and Multilayers of Conjugated Thiols, α,ω-
Dithiols, and Thioacetyl-Containing Adsorbates. Understanding Attachments between 
Potential Molecular Wires and Gold Surfaces. J. Am. Chem. Soc. 117, 9529–9534 (1995). 

34. Bain, C. D. et al. Formation of Monolayer Films by the Spontaneous Assembly of Organic 
Thiols from Solution onto Gold. J. Am. Chem. Soc. 111, 321–335 (1989). 

35. Alves, C. A. & Porter, M. D. Atomic Force Microscopic Characterization of a Fluorinated 
Alkanethiolate Monolayer at Gold and Correlations to Electrochemical and Infrared 
Reflection Spectroscopic Structural Descriptions. Langmuir 9, 3507–3512 (1993). 

36. Kankate, L., Turchanin, A. & Gölzhäuser, A. On the release of hydrogen from the S-H 
groups in the formation of self-assembled monolayers of thiols. Langmuir 25, 10435–
10438 (2009). 

37. Wade, N., Evans, C., Jo, S. C. & Cooks, R. G. Silylation of an OH-terminated self-
assembled monolayer surface through low-energy collisions of ions: A novel route to 
synthesis and patterning of surfaces. J. Mass Spectrom. 37, 591–602 (2002). 

38. Jadhav, S. A. Self-assembled monolayers (SAMs) of carboxylic acids: An overview. Cent. 
Eur. J. Chem. 9, 369–378 (2011). 

39. Baio, J. E. et al. Amine terminated SAMs: Investigating why oxygen is present in these 
films. J. Electron Spectros. Relat. Phenomena 172, 2–8 (2009). 

40. Esplandiú, M. J., Hagenström, H. & Kolb, D. M. Functionalized self-assembled 
alkanethiol monolayers on Au(111) electrodes: 1. Surface structure and electrochemistry. 
Langmuir 17, 828–838 (2001). 

41. Vericat, C., Vela, M. E., Benitez, G., Carro, P. & Salvarezza, R. C. Self-assembled 
monolayers of thiols and dithiols on gold: new challenges for a well-known system. 
Chem. Soc. Rev. 39, 1805 (2010). 

42. Shimazu, K., Yagi, I., Sato, Y. & Uosaki, K. In Situ and Dynamic Monitoring of the Self-
Assembling and Redox Processes of a Ferrocenylundecanethiol Monolayer by 
Electrochemical Quartz Crystal Microbalance. Langmuir 8, 1385–1387 (1992). 

43. Kim, Y. T., McCarley, R. L. & Bard, A. J. Observation of n-Octadecanethiol Multilayer 
Formation from Solution onto Gold. Langmuir 9, 1941–1944 (1993). 

44. Himmelhaus, M., Eisert, F., Buck, M. & Grunze, M. Self-Assembly of n -Alkanethiol 
Monolayers. A Study by IR−Visible Sum Frequency Spectroscopy (SFG). J. Phys. Chem. 
B 104, 576–584 (2000). 



 

86 

45. Karpovich, D. S. & Blanchard, G. J. Direct Measurement of the Adsorption Kinetics of 
Alkanethiolate Self-Assembled Monolayers on a Microcrystalline Gold Surface. 
Langmuir 10, 3315–3322 (1994). 

46. Schreiber, F. Structure and growth of self-assembling monolayers. Prog. Surf. Sci. 65, 
151–256 (2000). 

47. Peterlinz, K. A. & Georgiadis, R. In Situ Kinetics of Self-Assembly by Surface Plasmon 
Resonance Spectroscopy. Langmuir 12, 4731–4740 (1996). 

48. Poirier, G. E. & Pylantt, E. D. The Self-Assembly Mechanism of Alkanethiols on Au ( 
111 ) Author ( s ): G . E . Poirier and E . D . Pylant Published by : American Association 
for the Advancement of Science Stable URL : http://www.jstor.org/stable/2889938. Adv. 
Sci. 272, 1145–1148 (2009). 

49. Poirier, G. E. & Pylantt, E. D. The Self-Assembly Mechanism of Alkanethiols on Au ( 
111 ) Author ( s ): G . E . Poirier and E . D . Pylant Published by : American Association 
for the Advancement of Science Stable URL : http://www.jstor.org/stable/2889938 
digitize , preserve and extend a. 272, 1145–1148 (2018). 

50. Poirier, G. E. Coverage-Dependent Phases and Phase Stability of Decanethiol on Au(111). 
Langmuir 15, 1167–1175 (1999). 

51. Nuzzo, R. G., Zegarski, B. R. & Dubois, L. H. Fundamental studies of the chemisorption 
of organosulfur compounds on gold(111). Implications for molecular self-assembly on 
gold surfaces. J. Am. Chem. Soc. 109, 733–740 (1987). 

52. Rothberg, L., Higashi, G. S., Allara, D. L. & Garoff, S. Thermal disordering of langmuir-
blodgett films of cadmium stearate on sapphire. Chem. Phys. Lett. 133, 67–72 (1987). 

53. Bryant, M. A. & Pemberton, J. E. Surface Raman Scattering of Self-Assembled 
Monolayers Formed from 1-Alkanethiols at Ag. J. Am. Chem. Soc. 113, 3629–3637 
(1991). 

54. Zhang, J. et al. Two-dimensional cysteine and cystine cluster networks on Au(111) 
disclosed by voltammetry and in situ scanning tunneling microscopy. Langmuir 16, 7229–
7237 (2000). 

55. Hager, G. & Brolo, A. G. Adsorption/desorption behaviour of cysteine and cystine in 
neutral and basic media: Electrochemical evidence for differing thiol and disulfide 
adsorption to a Au(1 1 1) single crystal electrode. J. Electroanal. Chem. 550–551, 291–
301 (2003). 

56. Taubert, C. E. Influence of Different Additives on the Copper Electroplating onto Au 
(111) and Cu (111) Substrates. (2006). 

57. Grönbeck, H., Curioni, A. & Andreoni, W. Thiols and disulfides on the Au(111) surface: 
The headgroup-gold interaction. J. Am. Chem. Soc. 122, 3839–3842 (2000). 

58. Beardmore, K. M., Kress, J. D., Grønbech-jensen, N. & Bishop,  a R. Determination of the 
headgroup-gold(111) potential surface for alkanethiol self-assembled monolayers by ab 
initio calculation. Chem. Phys. Lett. 286, 40–45 (1998). 



 

87 

59. Bryant, M. A. & Pemberton, J. E. Surface Raman Scattering of Self-Assembled 
Monolayers Formed from 1-Alkanethiols: Behavior of Films at Au and Comparison to 
Films at Ag. J. Am. Chem. Soc. 113, 8284–8293 (1991). 

60. Noh, J., Murase, T., Nakajima, K., Lee, H. & Hara, M. Nanoscopic Investigation of the 
Self-Assembly Processes of Dialkyl Disulfides and Dialkyl Sulfides on Au(111). J. Phys. 
Chem. B 104, 7411–7416 (2000). 

61. Borsari, M., Cannio, M. & Gavioli, G. Electrochemical behavior of diphenyl disulfide and 
thiophenol on glassy carbon and gold electrodes in aprotic media. Electroanalysis 15, 
1192–1197 (2003). 

62. Bain, C. D., Biebuyck, H. A. & Whitesides, G. M. Comparison of Self-Assembled 
Monolayers on Gold: Coadsorption of Thiols and Disulfides1. Langmuir 5, 723–727 
(1989). 

63. Schreiber, R. Structure and growth of self-assembled monolayers. Prog. Surf. Sci. 65, 
151–256 (2000). 

64. Lukkari, J. et al. Organic thiosulfates (Bunte salts): novel surface-active sulfur compounds 
for the preparation of self-assembled monolayers on gold. Langmuir 15, 3529–3537 
(1999). 

65. Cai, L., Yao, Y., Yang, J., Price, D. W. & Tour, J. M. Chemical and potential-assisted 
assembly of thiolacetyl-terminated oligo(phenylene ethynylene)s on gold surfaces. Chem. 
Mater. 14, 2905–2909 (2002). 

66. Stapleton, J. J. et al. Self-assembled oligo(phenylene-ethynylene) molecular electronic 
switch monolayers on gold: Structures and chemical stability. Langmuir 19, 8245–8255 
(2003). 

67. Houmam, A., Muhammad, H., Chahma, M., Koczkur, K. & Thomas, D. F. 4-Nitrophenyl 
sulfenyl chloride as a new precursor for the formation of aromatic SAMs on gold surfaces. 
Chem. Commun. (Camb). 47, 7095–7097 (2011). 

68. Lee, N. S., Kang, H., Ito, E., Hara, M. & Noh, J. Effects of solvent on the structure of 
octanethiol self-assembled monolayers on au(111) at a high solution temperature. Bull. 
Korean Chem. Soc. 31, 2137–2138 (2010). 

69. Mamun, A. H. Al & Hahn, J. R. Effects of solvent on the formation of octanethiol self-
assembled monolayers on Au(111) at high temperatures in a closed vessel: A scanning 
tunneling microscopy and X-ray photoelectron spectroscopy study. J. Phys. Chem. C 116, 
22441–22448 (2012). 

70. Hobara, D., Miyake, K., Imabayashi, S., Niki, K. & Kakiuchi, T. In-Situ Scanning 
Tunneling Microscopy Imaging of the Reductive Desorption Process of Alkanethiols on 
Au(111). Langmuir 14, 3590–3596 (1998). 

71. Yamada, R., Wano, H. & Uosaki, K. Effect of temperature on structure of the self-
assembled monolayer of decanethiol on Au(111) surface. Langmuir 16, 5523–5525 
(2000). 



 

88 

72. Kawasaki, M., Sato, T., Tanaka, T. & Takao, K. Rapid self-assembly of alkanethiol 
monolayers on sputter-grown Au(111). Langmuir 16, 1719–1728 (2000). 

73. Kang, H. et al. Formation of large ordered domains in benzenethiol self-assembled 
monolayers on Au(111) observed by scanning tunneling microscopy. Ultramicroscopy 
109, 1011–1014 (2009). 

74. McCarley, R., Dunaway, D. & Willicut, R. Mobility of the alkanethiol-gold (111) 
interface studied by scanning probe microscopy. Langmuir 9, 2775–2777 (1993). 

75. Bucher, J. P., Santesson, L. & Kern, K. Thermal Healing of Self-Assembled Organic 
Monolayers: Hexane-and Octadecanethiol on Au(111) and Ag(111). Langmuir 10, 979–
983 (1994). 

76. Choi, Y. et al. Formation of ordered self-assembled monolayers by adsorption of 
octylthiocyanates on Au(111). Langmuir 24, 91–96 (2008). 

77. Fenter, P., Eisenberger, P. & Liang, K. S. Chain-length dependence of the structures and 
phases of CH3(CH2)n-1 SH self-assembled on Au(111). Phys. Rev. Lett. 70, 2447–2450 
(1993). 

78. Delamarche, E., Michel, B., Kang, H. & Gerber, C. Thermal Stability of Self-Assembled 
Monolayers. Langmuir 10, 4103–4108 (1994). 

79. Torres, E. & DiLabio, G. A. A Density Functional Theory Study of the Reconstruction of 
Gold (111) Surfaces. J. Phys. Chem. C 118, 15624–15629 (2014). 

80. Yagi, K. et al. Surface study by an UHV electron microscope. Surf. Sci. 86, 174–181 
(1979). 

81. Wu, H., Sotthewes, K., Schön, P. M., Vancso, G. J. & Zandvliet, H. J. W. Ordering and 
dynamics of oligo(phenylene ethynylene) self-assembled monolayers on Au(111). RSC 
Adv. 5, 42069–42074 (2015). 

82. Camillone, N., Leung, T. Y. B., Schwartz, P., Eisenberger, P. & Scoles, G. Chain length 
dependence of the striped phases of alkanethiol monolayers self-assembled on Au(111): 
An atomic beam diffraction study. Langmuir 12, 2737–2746 (1996). 

83. Camillone, N. et al. New monolayer phases of n-alkane thiols self-assembled on Au(111): 
Preparation, surface characterization, and imaging. J. Chem. Phys. 101, 11031–11036 
(1994). 

84. Noh, J. & Hara, M. Molecular-scale desorption processes and the alternating missing-row 
phase of alkanethiol self-assembled monolayers on au(111). Langmuir 17, 7280–7285 
(2001). 

85. Riposan, A. & Liu, G. Y. Significance of local density of states in the scanning tunneling 
microscopy Imaging of alkanethiol self-assembled monolayers. J. Phys. Chem. B 110, 
23926–23937 (2006). 

86. Stettner, J. Self assembled monolayer formation of alkanethiols on gold : Growth from 
solution versus physical vapor deposition. 1–139 (2010). 



 

89 

87. Vericat, C., Vela, M. E. & Salvarezza, R. C. Self-assembled monolayers of alkanethiols 
on Au(111): surface structures, defects and dynamics. Phys. Chem. Chem. Phys. 7, 3258 
(2005). 

88. Kondoh, H. et al. Adsorption of Thiolates to Singly Coordinated Sites on Au(111) 
Evidenced by Photoelectron Diffraction. Phys. Rev. Lett. 90, 4 (2003). 

89. Roper, M. G. et al. Atop adsorption site of sulphur head groups in gold-thiolate self-
assembled monolayers. Chem. Phys. Lett. 389, 87–91 (2004). 

90. Yu, M. et al. True nature of an archetypal self-assembly system: Mobile Au-thiolate 
species on Au(111). Phys. Rev. Lett. 97, 1–4 (2006). 

91. Chaudhuri, A., Lerotholi, T. J., Jackson, D. C., Woodruff, D. P. & Dhanak, V. Local 
Methylthiolate Adsorption Geometry on Au(111) from Photoemission Core-Level Shifts. 
Phys. Rev. Lett. 102, 126101 (2009). 

92. Mazzarello, R. et al. Structure of a CH3S monolayer on Au(111) solved by the interplay 
between molecular dynamics calculations and diffraction measurements. Phys. Rev. Lett. 
98, 5–8 (2007). 

93. Walter, M. et al. A unified view of ligand-protected gold clusters as superatom 
complexes. Proc. Natl. Acad. Sci. 105, 9157–9162 (2008). 

94. Touzov, I. & Gorman, C. B. Tip-Induced Structural Rearrangements of Alkanethiolate 
Self-Assembled Monolayers on Gold. J. Phys. Chem. B 101, 5263–5276 (1997). 

95. Gao, J. Structural analysis of self ‐ assembled monolayers on Au ( 111 ) and point defects 
on HOPG. 189 (2013). 

96. Terán Arce, F., Vela, M. E., Salvarezza, R. C. & Arvia, A. J. Complex Structural 
Dynamics at Adsorbed Alkanethiol Layers at Au(111) Single-Crystal Domains. Langmuir 
14, 7203–7212 (1998). 

97. Vericat, C., Andreasen, G. & Vela, M. E. Following transformation in self-assembled 
alkanethiol monolayers on Au(111) by in situ scanning tunneling microscopy. J. Chem. 
Phys. 115, 6672–6678 (2001). 

98. Yang, G. & Liu, G. New Insights for Self-Assembled Monolayers of Organothiols on 
Au(111) Revealed by Scanning Tunneling Microscopy. J. Phys. Chem. B 107, 8746–8759 
(2003). 

99. Poirier, G. E. Mechanism of Formation of Au Vacancy Islands in Alkanethiol Monolayers 
on Au(111). Langmuir 13, 2019–2026 (1997). 

100. Biener, M. M., Biener, J. & Friend, C. M. Revisiting the S-Au(111) interaction: Static or 
dynamic? Langmuir 21, 1668–1671 (2005). 

101. Cunha, F. et al. Potential-Induced Phase Transitions in 2,2‘-Bipyridine and 4,4‘-
Bipyridine Monolayers on Au(111) Studied by in Situ Scanning Tunneling Microscopy 
and Atomic Force Microscopy. Langmuir 12, 6410–6418 (1996). 

102. Cunha, F. & Tao, N. J. Surface charge induced order-disorder transition in an organic 



 

90 

monolayer. Phys. Rev. Lett. 75, 2376–2379 (1995). 

103. Jin, Q., Rodriguez, J. A., Li, C. Z., Darici, Y. & Tao, N. J. Self-assembly of aromatic 
thiols on Au(111). Surf. Sci. 425, 101–111 (1999). 

104. Fuxen, C. et al. Structural characterization of organothiolate adlayers on gold: The case of 
rigid, aromatic backbones. Langmuir 17, 3689–3695 (2002). 

105. Carron, K. T. & Hurley, L. G. Axial and azimuthal angle determination with surface-
enhanced Raman spectroscopy: Thiophenol on copper, silver, and gold metal surfaces. J. 
Phys. Chem. 95, 9979–9984 (1991). 

106. Szafranski, C. A., Tanner, W., Laibinis, P. E. & Garrell, R. L. Surface-enhanced Raman 
spectroscopy of aromatic thiols and disulfides on gold electrodes. Langmuir 14, 3570–
3579 (1998). 

107. Jung, H. H., Won, Y. Do, Shin, S. & Kim, K. Molecular Dynamics Simulation of 
Benzenethiolate and Benzyl Mercaptide on Au(111). Langmuir 15, 1147–1154 (1999). 

108. Tao, Y.-T. et al. Structure Evolution of Aromatic-Derivatized Thiol Monolayers on 
Evaporated Gold. Langmuir 13, 4018–4023 (1997). 

109. Dhirani, A. A., Zehner, R. W., Hsung, R. P., Guyot-Sionnest, P. & Sita, L. R. Self-
assembly of conjugated molecular rods: A high-resolution STM study. J. Am. Chem. Soc. 
118, 3319–3320 (1996). 

110. Noh, J., Park, H., Jeong, Y. & Kwon, S. Structure and EC behavior of aromatic thiol self-
assembled monolyares on Au111.pdf. Bull. Korean Chem. Soc. 27, 403–406 (2006). 

111. Kim, Y. T., McCarley, R. L. & Bard, A. J. Scanning tunneling microscopy studies of 
gold(111) derivatized with organothiols. J. Phys. Chem. 96, 7416–7421 (1992). 

112. Käfer, D., Witte, G., Cyganik, P., Terfort, A. & Wöll, C. A comprehensive study of self-
assembled monolayers of anthracenethiol on gold: Solvent effects, structure, and stability. 
J. Am. Chem. Soc. 128, 1723–1732 (2006). 

113. Cyganik, P., Buck, M., Azzam, W. & Wöll, C. Self-Assembled Monolayers of ω-
Biphenylalkanethiols on Au(111):  Influence of Spacer Chain on Molecular Packing. J. 
Phys. Chem. B 108, 4989–4996 (2004). 

114. Cyganik, P. et al. Competition as a design concept: Polymorphism in self-assembled 
monolayers of biphenyl-based thiols. J. Am. Chem. Soc. 128, 13868–13878 (2006). 

115. Venkataraman, L., Klare, J. E., Nuckolls, C., Hybertsen, M. S. & Steigerwald, M. L. 
Dependence of single-molecule junction conductance on molecular conformation. Nature 
442, 904–907 (2006). 

116. Anthony, J. E. The larger acenes: Versatile organic semiconductors. Angew. Chemie - Int. 
Ed. 47, 452–483 (2008). 

117. Sabatani, E., Cohen-Boulakia, J., Bruening, M. & Rubinstein, I. Thioaromatic Monolayers 
on Gold: A New Family of Self-Assembling Monolayers. Langmuir 9, 2974–2981 (1993). 



 

91 

118. Universit, T., Sardary, H., Prof, R. H. & Ignaszak, A. A comparative study of the 
electrosorption of sulfur-containing aromatic compounds on copper and gold electrodes. 
(2013). 

119. Widrig, C. A., Alves, C. A. & Porter, M. D. Scanning Tunneling Microscopy of 
Ethanethiolate and n-Octadecanethiolate Monolayers Spontaneously Adsorbed at Gold 
Surfaces. J. Am. Chem. Soc. 113, 2805–2810 (1991). 

120. Delamarche, E. et al. Real-Space Observation of Nanoscale Molecular Domains in Self-
Assembled Monolayers. Langmuir 10, 2869–2871 (1994). 

121. Li, B. et al. First-principles simulation of scanning tunneling microscopy images of 
individual molecules in alkanethiol self-assembled monolayers on Au(111). J. Phys. 
Chem. B 107, 972–984 (2003). 

122. Houmam, A., Muhammad, H. & Koczkur, K. M. Supporting Information Physical 
Structure of Standing Up Aromatic SAMs Revealed by Scanning Tunneling Microscopy. 
1–10 (2011). 

123. Ron, H. & Rubinstein, I. Self-assembled monolayers on oxidized metals. 3. Alkylthiol and 
dialkyl disulfide assembly on gold under electrochemical conditions. J. Am. Chem. Soc. 
120, 13444–13452 (1998). 

124. Walczak, M. M. et al. Reductive Desorption of Alkanethiolate Monolayers at Gold: A 
Measure of Surface Coverage. Langmuir 7, 2687–2693 (1991). 

125. Pesika, N. S., Stebe, K. J. & Searson, P. C. Kinetics of desorption of alkanethiolates on 
gold. Langmuir 22, 3474–3476 (2006). 

126. Mulder, W. H., Calvente, J. J. & Andreu, R. A kinetic model for the reductive desorption 
of self-assembled thiol monolayers. Langmuir 17, 3273–3280 (2001). 

127. Zhong, C., Zak, J. & Porter, M. D. Voltammetric reductive desorption characteristics of 
alkanethiolate monolayers at single crystal Au ( 111 ) and ( 110 ) electrode surfaces. 421, 
9–13 (1997). 

128. Martin, H. et al. The kinetics of the (√3×√3)R30° sulfur lattice stripping from Au(111): 
Competitive desorption - Hole nucleation and growth model. Langmuir 17, 2334–2339 
(2001). 

129. Azzaroni, O. et al. Electrodesorption kinetics and molecular interactions at negatively 
charged self-assembled thiol monolayers in electrolyte solutions. Langmuir 17, 6647–
6654 (2001). 

130. Widrig, C. A., Chung, C. & Porter, M. D. The electrochemical desorption of n-alkanethiol 
monolayers from polycrystalline Au and Ag electrodes. J. Electroanal. Chem. 310, 335–
359 (1991). 

131. Sumi, T. & Uosaki, K. Electrochemical Oxidative Formation and Reductive Desorption of 
a Self-Assembled Monolayer of Decanethiol on a Au(111) Surface in KOH Ethanol 
Solution. J. Phys. Chem. B 108, 6422–6428 (2004). 



 

92 

132. Siegbahn, K., Nordling, C., Fahlman, A., Nordberg, R. & Hamrin, K. J. Electron 
spectroscopy for chemical analysis. Section Title: Inorganic Analytical Chemistry (1968). 

133. Watts, J. F. & Wolstenholme, J. An Introduction To Surface Analysis By XPS And AES. 
J. Chem. Inf. Model. 53, 226 (2003). 

134. Bonzel, H. P. & Kleint, C. On the history of photoemission. Prog. Surf. Sci. 49, 107–153 
(1995). 

135. Landsberg, P. T. Nobel Lectures in Physics, 1901-1921. Phys. Bull. 18, 151 (1967). 

136. Chusuei, C. C. & Goodman, D. W. X-Ray Photoelectron Spectroscopy. Encyclopedia of 
Physical Science and Technology (Third Edition) 921–938 (2003). doi:10.1016/B0-12-
227410-5/00830-9 

137. Richardson, N. V. & Bradshaw, A. M. Electron Spectroscopy: theory, experiments and 
applications. 4, 153 (1984). 

138. Vários. Applied Solid State Spectroscopy. 

139. Winograd, N. & Gaarenstroom, S. W. X-Ray Photoelectron Spectroscopy. Physical 
Methods in Modern Chemical Analysis 2, 115–169 (1980). 

140. Musfeldt, J. L. Handbook of Applied Solid State Spectroscopy Edited by D. R. Vij 
(Kurukshetra University, India). Springer Science + Business Media, LLC:  New York. 
2006. xx + 742 pp. $299.00. ISBN 0-387-32497-6. J. Am. Chem. Soc. 129, 3028–3028 
(2007). 

141. Turchanin, A. et al. Molecular self-assembly, chemical lithography, and biochemical 
tweezers: A path for the fabrication of functional nanometer-scale protein arrays. Adv. 
Mater. 20, 471–477 (2008). 

142. Proctor, A. & Sherwood, P. M. A. Data Analysis Techniques in X-ray Photoelectron 
Spectroscopy. Anal. Chem. 54, 13–19 (1982). 

143. Feng, L., Bai, F., Wu, Y. & Zhang, H. Does the molecular structure of CaH2affect the 
dihydrogen bonding in CaH2⋯ HY (Y = CH3, C2H3, C2H, CN, and NC) complexes? A 
quantum chemistry study using MP2 and B3LYP methods. Sci. China Chem. 55, 262–269 
(2012). 

144. D. A. Skoog, F. J. Holler, S. R. Crouch. Principles of Instrumental Analysis, 6th ed. 
Belmont, CA. Thomson Higher Education. 2007. 

145. Sheppard, N. Encyclopedia of spectroscopy and spectrometry, Elsevier, Amsterdam, The 
Netherlands, 2004. 

146. Fourier Transform Infrared Spectrometry Author ( s ): Peter R . Griffths Source : Science , 
New Series , Vol . 222 , No . 4621 ( Oct . 21 , 1983 ), pp . 297-302 Published by : 
American Association for the Advancement of Science Stable URL : http://www.jst. 222, 
297–302 (2018). 

147. Greenler, R. G. Infrared Study of Adsorbed Molecules on Metal Surfaces by Reflection 
Techniques. J. Chem. Phys. 44, 310–315 (1966). 



 

93 

148. Hipps, K. W. & Crosby, G. A. Applications of the photoelastic modulator to polarization 
spectroscopy. J. Phys. Chem. 83, 555–562 (1979). 

149. Golden, W. G., Dunn, D. S. & Overend, J. A method for measuring infrared reflection-
Absorption spectra of molecules adsorbed on low-area surfaces at monolayer and 
submonolayer concentrations. J. Catal. 71, 395–404 (1981). 

150. Leitch, J. J. Infrared Reflection Absorption Spectroscopy Studies of Thin Organic Films 
Adsorbed at Gold ( 111 ) Electrode Surfaces. (2014). 

151. Zamlynny, V. & Lipkowski, J. Quantitative SNIFTIRS and PM IRRAS of Organic 
Molecules at Electrode Surfaces. Advances in Electrochemical Science and Engineering 
9, (2006). 

152. Binnig, G.; Rohrer, H. (1986). ‘Scanning tunneling microscopy’. IBM Journal of 
Research and Development. 30 (4): 355–69. 

153. Press release for the 1986 Nobel Prize in physics. 

154. Bai, C. Scanning tunnelling microscopy and its applications, 2nd Ed, Springer Verlag, 
New York, 2000. 

155. Chen, C. J. Introduction to Scanning Tunneling Microscopy Second Edition. Oxford Univ. 
Press (2008) (2008). doi:10.1002/jemt.1070280110 

156. Microscopy, S. T. LAB UNIT 5 : Scanning Tunneling Microscopy. Microscopy 117–134 

157. D. Bonnell, Scanning Probe Microscopy and Spectroscopy, Theory, Techniques, and 
Applications, 2nd edition, Wiley-VCH, (2001). 

158. Wu, H. et al. Advanced electron microscopy for thermoelectric materials. Nano Energy 
13, 626–650 (2015). 

159. Ibe, J. P. et al. On the electrochemical etching of tips for scanning tunneling microscopy. 
J. Vac. Sci. Technol. A Vacuum, Surfaces, Film. 8, 3570–3575 (1990). 

160. Mendes, P. et al. A novel example of X-ray-radiation-induced chemical reduction of an 
aromatic nitro-group-containing thin film on SiO2 to an aromatic amine film. 
ChemPhysChem 4, 884–889 (2003). 

161. Cecchet, F. et al. Theoretical calculations and experimental measurements of the 
vibrational response of p-NTP SAMs: An orientational analysis. The journal of physica 
chemistry c.114, 4106–4113 (2010). 

162. Jiang, P. et al. STM imaging ortho- And para-fluorothiophenol self-Assembled 
monolayers on au(111). Langmuir 25, 5012–5017 (2009). 

163. Wong, K. L. et al. Halogen-substituted thiophenol molecules on Cu(111). Langmuir 20, 
10928–10934 (2004). 

164. Nielsen, J. U., Esplandiu, M. J. & Kolb, D. M. 4-Nitrothiophenol SAM on Au ( 111 ) 
Investigated by in Situ STM, Electrochemistry, and XPS. Langmuir 17, 3454–3459 
(2001). 



 

94 

165. Godin, M. et al. Surface stress, kinetics, and structure of alkanethiol self-assembled 
monolayers. Langmuir 20, 7090–7096 (2004). 

166. Jung, C., Dannenberger, O., Xu, Y., Buck, M. & Grunze, M. Self-assembled monolayers 
from organosulfur compounds: A comparison between sulfides, disulfides, and thiols. 
Langmuir 14, 1103–1107 (1998). 

167. Hager, G. & Brolo, A. G. Adsorption/desorption behaviour of cysteine and cystine in 
neutral and basic media: Electrochemical evidence for differing thiol and disulfide 
adsorption to a Au(1 1 1) single crystal electrode. J. Electroanal. Chem. 550–551, 291–
301 (2003). 

168. Hayashi, T., Morikawa, Y. & Nozoye, H. Adsorption state of dimethyl disulfide on 
Au(111): Evidence for adsorption as thiolate at the bridge site. J. Chem. Phys. 114, 7615–
7621 (2001). 

 


