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ABSTRACT OF THE DISSERTATION 

 

Interface Properties of Functional Molecules on Au{111}: 

From Photoinduced Charge Transfer to Exchange Reactions 

 

by 

 

Yuxi Zhao 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2014 

Professor Paul S. Weiss, Chair 

 

Understanding electron transfer at the molecular level is crucial for the rational design and 

performance improvement of organic optoelectronics and photovoltaics. Scanning tunneling 

microscope (STM) enables measurement of electronic properties with atomic precision.  Here, 

we introduce a custom-built, laser-assisted STM that integrates optical excitation into the 

tunneling junction. The evanescent field generated by rear-incident laser light excites surface 

adsorbates on gold films, enabling the detection of optically induced changes in tunneling current 

under ambient conditions. Thin and atomically flat Au films epitaxially grown on c-cut sapphire 

prisms provide both efficient optical coupling and long-term stability to monitor optical activities 
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of molecular donor-acceptor heterojunctions isolated in two-dimensional matrices on the surface. 

Our method offers a versatile platform to elucidate the involvement of individual states that 

affect charge generation and separation in a C60-tethered 2,5-dithienylpyrrole triad, a molecular 

donor-acceptor heterojunction, and to correlate the particular molecular orientations and local 

environment with the measured photocurrent of the anthracene-terminated aromatic thiolates in 

the tunneling junction. 

When alkanethiolate self-assembled monolayers on Au{111} are exchanged with 

alkaneselenols from solution, replacement of thiolates by selenols is rapid and complete, and is 

well described by perimeter-dependent island growth kinetics. The monolayer structures change 

as selenolate coverage increases, from being epitaxial and consistent with the initial thiolate 

structure to being characteristic of selenolate monolayer structures. At room temperature and at 

positive sample bias in scanning tunneling microscopy, the selenolate-gold attachment is labile, 

and molecules exchange positions with neighboring thiolates. The scanning tunneling 

microscope probe can be used to induce these place-exchange reactions. 
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From the Bottom Up: Dimensional Control and Characterization 

in Molecular Monolayers 
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1.1 Introduction 

The unique chemistry of nanostructured materials involves balance between the lattice and 

bonding structures of the materials, the chemistries of their interfaces, the dimensionalities of 

their structures, and the types and distributions of defects (Figure 1.1). In comparison with other 

nanoscale materials, the chemistries and structures of self-assembled monolayers (SAMs) are 

largely determined by their interfaces, which account for a relatively high proportion of the atoms 

(typical monolayer thickness ranges from 1–3 nm),1 and also frequently dominate the energetics 

of structure formation. For instance, in the most common synthetic SAMs, alkanethiols on gold, 

the enthalpy of the gold-sulfur bond formation (~50 kcal mol-1)2 is several times larger than the 

combined interactions of the alkyl tails with surrounding molecules (1-2 kcal mol·CH2
-1).3 

Importantly, if the enthalpy of assembly at one interface provides a strong driving force for 

monolayer formation, it is possible to tune many other materials properties and still achieve 

ordered lattices. 

     Monolayer structures optimize both interactions with the substrate and intermolecular 

interactions.1,4-6 Lattice structures in monolayers are determined by both the substrate lattice 

and the chemistries and structures of the molecules forming the monolayers. In alkanethiol 

monolayers, linear molecules are attached to gold surfaces via Au-S bonds; both the 

organization of the sulfur headgroups on the gold lattice and the packing of the alkyl tails 

influence molecular lattice formation.6 For other molecules, such as adamantanethiols and 

carboranethiols, the tails are bulkier than the headgroups, and can play larger roles in lattice 

formation. In still other monolayers, such as those formed based on noncovalent interactions 

with graphite, molecules lie down, maximizing their interactions with the substrate.4 
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     Although monolayers are typically considered to be two-dimensional (2D) structures, it 

is equally possible to assemble zero-dimensional (0D) molecular structures on surfaces. As 

with nanocrystals, the definitions of dimensionality arise from the physical properties of 

interest in the structure – that is, anisotropic molecules that assemble across a 2D surface. 

Similarly, individual functional molecules deposited on surfaces can act as 0D structures, 

with properties that can be controlled and measured individually.7,8 

Defects are important in understanding and predicting the behavior of monolayers.9 Since 

monolayers are often tightly coupled to solid substrates, irregularities in the substrate lattices 

(such as atomic step edges) can create offsets in the monolayers.5 Defects can also arise 

from the molecular lattices. For instance, many classes of molecules tilt relative to the 

surface normal,5 creating areas of heterogeneous structure between domains of molecules 

oriented in different azimuthal directions. Still other defects can be created as monolayers 

are formed. When alkanethiols are assembled on gold from solution, thiols can extract gold 

atoms from the surface, resulting in one-atom-deep ‘etch pits’ in the Au{111} substrate 

surface that disrupt monolayer structures.5 These and other defects can be selectively 

removed by subsequent monolayer and substrate dynamics and processing.10 

    Importantly, as with other nanostructured materials, defects are often the most reactive 

sites in the materials, and dominate both access of additional molecules to the substrates and 

the dynamics of the systems. In the context of monolayers, this reactivity can be exploited to 

design 0D structures within 2D monolayers, or to nucleate processes such as molecular 

exchange.11-16 

     Characterization of lattice structures and defects in SAMs and related structures relies on 
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surface-sensitive tools that provide chemical, electronic, and/or topographic information.9,17 

Typical analytical techniques providing chemical information about surfaces and adsorbates 

include grazing angle Fourier transform infrared (FTIR) spectroscopy, Raman spectroscopy, 

electron diffraction (transmission electron microscopy, TEM, and low energy electron 

diffraction, LEED), near-edge X-ray absorption fine structure (NEXAFS), and neutron 

scattering.1 Scanning probe techniques – atomic force microscopy and scanning tunneling 

microscopy17 – provide more localized information, down to the single-molecule scale. 

In this chapter, we discuss the physical properties and applications of SAMs as 

nanostructured materials, with a focus on assembled structures ranging from 2D (full 

monolayers) down to 0D (single molecules), including methods for top-down patterning of 

monolayer structures. Throughout, we select examples highlighting the breadth of molecular 

functions available through these materials, and specialized characterization techniques and 

methods that enable quantitative measurements of these properties down to the single-

molecule scale. 

1.2 Two-Dimensional Structure and Function 

Studies of 2D monolayers on solid surfaces began as early as the 1940s,18 and now 

encompass systems ranging from alkanes and aromatic molecules to much larger 

macromolecules, and substrates from glass to single-crystalline metal surfaces. 1,4,19-21 Self-

assembled monolayer structure is influenced by the substrate lattice, the interface between 

the molecular head group functionality and the substrate, the molecular lattice formed based 

on head group and backbone chemistries, and the exposed interface dominated by the 

chemical functionality of the tail group (Figure 1.2). Monolayers of alkanethiols on 
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Au{111} are the most common and most studied;1 thus, we discuss many aspects of 

monolayer formation and structure in relation to these systems. The strategies developed for 

controlling monolayers of thiols on Au{111} will, over time, be translated to other molecule–

substrate systems.6,22 

1.2.1 Substrate Lattices 

Monolayers have been formed on metals including Au,1,9,23 Ag,23-25 Cu,23,26,27 Pd,26,28 Pt,29,30 

Ni,26,31 Fe,26 Ti,32 Te,33 Hg,34 and GaIn.35,36 Since bonding with the substrate is often a 

critical driving force for monolayer formation, the substrate atomic lattice and electronic 

structure are key. The Au{111} crystal face is often used in monolayer formation for a 

number of reasons – gold readily forms bonds with thiols, and such surfaces are easily 

prepared, commercially available, and stable under normal atmospheric conditions. Other 

metal surfaces (such as Ag, Cu, Pt, and Pd) are more easily oxidized; these substrates are 

often used in studies of monolayers in vacuum, in which molecules are evaporated onto the 

surface rather than deposited from solution.  

Semiconductors such as Si, Ge, GaAs, and InP can also be used as substrates for monolayer 

formation.37-42 Silicon is particularly widely used due to its electronic applications; however, 

silicon forms a native oxide under normal atmospheric conditions. Thus, chemistry has 

developed to interface with both silicon and its oxide.43-45 Other semiconductors have also 

been explored as monolayer substrates, including GaN46 and ZnSe.47 

Highly oriented pyrolytic graphite (HOPG) is a semimetal and forms atomically flat 

surfaces over relatively large areas (>1 μm2). Although the surface does not readily form 
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covalent bonds to common functional groups such as thiols or amines, it can be used as a 

substrate for monolayers in which aromatic groups in the monolayers form π-stacking 

interactions with graphite (or graphene) surfaces.4,48-51 

1.2.2 Substrate–Head-Group Interfaces 

The substrate–molecule interface both influences monolayer structures and serves as the 

electronic connection to the substrate. Thus, understanding these interfaces is important in 

predicting structures, stabilities, and physical properties (such as conductance) of SAMs, as 

well as of molecules matrix isolated within them. 

Although there are many possible pairings of substrate and molecular head group 

chemistries, the substrate–molecule interface is more complex than would be predicted 

based solely on bonding between substrates and the functional head groups. The substrate 

lattice presents multiple chemically non-equivalent binding sites, involving one or more 

atoms. Further, substrate surfaces often reconstruct to minimize energy; these changes create 

lower symmetry surface structures that also influence the interfaces. Binding of the 

functional head group can lead to additional surface structural changes, and restrictions on 

orbital hybridization can influence the angle between molecular backbones and surfaces. 

Surface reconstruction is widely observed for metal and semiconductor surfaces.52,53 

Here, we briefly discuss the relationship between surface reconstruction and alkanethiol 

SAM formation on Au{111} as an illustrative example of the complexities of these 

rearrangements.  

Substrate atoms on bare Au{111} surfaces compact slightly, forming a reconstruction 
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with both face-centered-cubic- and hexagonally close-packed-stacked zones and a (22 × √3) 

unit cell relative to the Au{111} lattice, referred to as the herringbone reconstruction. When 

sulfur-containing molecules (including thiols, disulfides, and thioethers) bind to Au{111}, 

the formation of Au–S bonds removes the reconstruction, a phenomenon that is possible to 

visualize by STM. The nominal strength of Au–S bonds (~50 kcal mol-1) is greater than that 

of Au–Au bonds,24,54 and the ability to remove the reconstruction can be used as a 

qualitative descriptor of molecule–substrate bond strengths. For instance, thioethers have 

weaker molecule–substrate bonds than thiols; however, SAMs of thioethers nonetheless lift 

the Au{111} herringbone reconstruction.55-58 In contrast, adsorbed benzene does not lift the 

native Au{111} reconstruction.59 

The growing consensus is that thiols lift selected atoms to sit at a subset of sites on the 

restored Au{111} lattice; these are referred to as Au adatoms.60 It has been known for some 

time that thiolates move as a Au-thiolate complex at defect sites such as step edges.61 Recent 

calculations show that there are multiple stable surface reconstructions (similar to within 

0.2 eV): one sulfur bound to a three-fold hollow site, one sulfur bound to a bridge site, one 

sulfur bound to one Au adatom, and two sulfur atoms bound to one Au adatom.62-67 Thiols 

on Ag{111} exhibit different binding properties than those on Au{111},68 typically binding 

at bridge and three-fold hollow sites, and are tilted at angles closer to the surface normal.25 

Selenols on Au{111} have more promiscuous binding, and as a result Moiré patterns are 

observed in STM images.69 

The multiplicity of possible binding structures highlights the importance of techniques 

for characterizing the buried interfaces. Some chemical properties can be characterized at 
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large (micron to millimeter) scales using techniques such as FTIR spectroscopy and X-ray 

photoelectron spectroscopy (XPS), or at intermediate scales by measuring reductive 

desorption electrochemically.16 Characterization at the sub-nanometer scale with STM-

based techniques provides complementary information about heterogeneous structure 

important for understanding reconstructions. Weiss and coworkers found that the largest 

buried dipole in a SAM can be mapped by varying the tunneling gap distance in STM 

imaging. For alkanethiols on Au{111}, this locates the Au–S bond; thus, correlating buried 

dipoles (head groups) with topography (tail groups) enabled the first single-molecule tilt 

angle measurements.70 A similar spectroscopy technique applied to cyclohexanethiol on 

Au{111} distinguishes between binding at bridge and atop sites.2,20,23 

In addition to the molecules with head groups based on sulfur, discussed above,1,21,24 

many other head groups are available, including isocyanides,71 Si,72-74 P,46,75-77 Se,25,50,78,79 

carboxylic acids,80,81 and head groups that allow noncovalent π-stacking interactions on 

highly oriented graphite, such as cyclodextrins,82-85 pentacene,86 and peptides.87-89 While 

these surface connectors are less explored, comparisons between molecule–substrate 

systems provide insight into how to translate surface attachment and patterning strategies 

from one system to another, and will ultimately lead to the identification of new strategies. 

Selenols provide a useful comparison with thiols since they come from the same group in 

the periodic table.79,90-92 In contrast to the hexagonal lattices formed by alkanethiols, 

alkaneselenols form either densely packed distorted hexagonal lattices incommensurate with 

the underlying Au{111} substrate, or commensurate linear missing-row structures.69 These 

differences in bonding likely contribute to the differences in conductance observed between 
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alkaneselenol and alkanethiol SAMs.93 Short (n = 2-6) n-alkaneselenols follow the odd/even 

rule for stability (even chain lengths are more stable), as do alkanethiols. However, selenols 

are more stable toward exchange than alkanethiols of equivalent length,94 which has been 

attributed to differences in bonding configurations (sp3 and sp).25 Polyfunctional head 

groups increase binding strength; for instance, diselenides and dithiols displace 

monothiolate monolayers on Au, similar to chelating effects found for other molecules.90 

Silanes and silanols are typically used to form monolayers on silica (SiO2) surfaces.21,95,96 

Head groups based on phosphorus (including phosphonates, phosphines, and phosphonic 

acids) are also common. Phosphorus headgroup binding to metals, such as Au, is generally 

weaker than thiol binding, but strong enough (in the case of trimethylphosphine) to lift the 

Au reconstruction.75 Phosphonic acids form stable monolayers on Ti and Au substrates,32 

and phosphonates and alkylphosphonic acids assemble on GaN and nitinol (NiTi), 

respectively.46,97 Alkylphosphonates assemble on Al2O3, TiO2, ZrO2, planar mica, TiO2, and 

SiO2;
76 however, monolayer structures are typically found to be less regular, and largely 

based on backbone and tailgroup interactions. 

Monolayers can also form based on noncovalent interactions with substrates. 

Noncovalently bound molecular monolayers have been studied by STM, in many cases at 

low temperature, to stabilize the self-assembled structures sufficiently for imaging.98,99 

Many conjugated molecules can form 2D assemblies on surfaces, including styrene,98 

pentacene,86 pyrene,21 and larger graphitic molecules.100,101 

1.2.3 Molecular Lattices 

Molecular lattice structures are influenced by both molecule–substrate interfaces and the 
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packing of the molecular backbones. The relative influence of these contributions can vary 

due to factors including interfacial bond strengths and sizes of the molecular backbones. 

Molecular interactions within lattices include van der Waals, dipole–dipole, and 

hydrogenbonding interactions. van der Waals interactions between molecules in lattices 

contribute to stability. In alkanethiol–Au SAMs, this contribution increases with alkyl chain 

length, as each methylene (–CH2–) unit contributes approximately 1 kcal mol-1.26 

Alkanethiolates on Au{111} tilt roughly 30° relative to the surface normal, to maintain 

nominally all-trans configurations that maximize van der Waals interactions.21,70 As chain 

lengths increase in alkanethiols, the range of accessible backbone tilt angles is constrained 

due to steric effects.102 Monolayers on other substrates have different tilt angles, again 

determined by the substrate lattice and maximizing intermolecular interactions. 5,103 

Chemical functional groups incorporated into the molecular backbone can influence 

molecular lattice structures. For instance, 3-mercapto-N-nonylpropionamide (1ATC9) is 

chemically similar to the more commonly used decanethiol, with an amide functional group 

replacing a methylene unit near the thiol headgroup. Two phases have been observed, one 

normal to the surface, the other tilted104 relative to the surface normal.105 The amide groups 

enable hydrogen bonding between molecules in the monolayer in the tilted conformation, 

increasing intermolecular interaction strength by ~6 kcal mol-1, and increasing the electronic 

polarizability of the monolayer.87,105,106 Such interactions can cause phase segregation, 

creating monolayers with two distinct types of domains: 1ATC9 monolayers phase separate 

from n-alkanethiols of equivalent length based on their hydrogen-bonding networks.107 

Amide-bonding networks in SAMs have also been used for charge transport across 

Ag/SAM//Ga2O3/EGaIn (Eutectic Gallium–Indium) junctions.108 
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Even functional groups that introduce relatively strong interactions such as hydrogen 

bonding can disrupt monolayer formation if they interfere with molecular packing. The di-

amide and tri-amide counterparts of the system described above, 3-mercapto-N-(N’-n-

hexylacetamido) propionamide (2ATC9) and 3-mercapto-N-(N’-(N”-n-propylacetamido) 

acetamido) propionamide, do not form ordered monolayers, at least in the terminal zone of 

the alkyl layers measured with STM.107,109 

Other chemical functional groups can be added within the molecular backbones to impact 

monolayer formation, including alkenes, alkynes, diacetylene, aryl groups, oligo(phenylene 

ethynylene), oligo(ethylene glycol), sulfones, and azobenzenes.11,21,110-112 Functional groups 

can be used to create a wide variety of properties in monolayers, including switchable 

conductivity,15 targeted capture of biological molecules,113 or the ability to crosslink under 

an electron beam114 or restructure under an ion beam115 to act as a molecular resist. 

Cage molecules such as adamantanes and carboranes are classes of SAM substituents in 

which the cage serves as a short, sterically bulky backbone.6,78,116,117 Thiolated cage 

molecules thus have large molecular lattice constants relative to alkanethiols (~0.7 nm vs. 

0.5 nm), and weaker intermolecular interactions,118 meaning they are easily displaced from 

Au{111} surfaces by alkanethiols. 6,117 Adamantane cages can be engineered to orient 

normal or tilted relative to the surface, by thiolating at either a primary (2-adamantanethiol) 

or tertiary (1-adamantanethiol) carbon, making it possible to create or to eliminate tilt 

defects based on small changes in molecular structure.117 Larger diamondoid structures also 

form monolayers with a variety of interesting structures and properties.6,119,120 

As with alkanethiols, carboranethiols have been designed to have molecular dipoles that 
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contribute to molecular lattice interactions;6,121 carboranethiols with strong lateral dipole-

dipole interactions dominate surface coverage when codeposited with carboranethiols that 

lack such interactions.121 Dipole effects can also be important in noncovalently bound 

monolayers. For instance, styrene, under vacuum and low temperature, forms dipole-

organized assemblies on Au{111}.98 

1.2.4 Molecule–Environment Interfaces 

Terminal functional groups determine the physical properties at environmental interfaces. 

Terminal group chemistries can vary widely, including methyl groups, amines, nitriles, 

carboxylic acids, sulfides, alcohols, ferrocenes, pyrroles, fullerenes, and 

biomolecules.1,113,122-131 

Interface physical properties can be changed dramatically based on relatively 

straightforward chemical changes to terminal groups. The conventionally used methyl 

terminal group for alkanethiolates produces hydrophobic SAMs, whereas hydroxyl 

terminated alkanethiols assemble into hydrophilic SAMs, even though the bulk of the 

backbone is hydrophobic. Similarly, SAMs can present large numbers of aligned dipoles at 

the interface, which can be reversed based on terminal substituents, for instance electron-

rich amines vs. electron-poor nitriles.124 

Specialized terminal groups create additional possibilities for monolayer function. 

Azobenzene terminal groups isomerize on exposure to UV (365 nm) and blue (450 nm) 

light, respectively.11,110,132 Pyrrole-terminated SAMs polymerize upon plasma exposure, 

forming conductive and mechanically active polymers.128 Hydroxyl-terminated SAMs have 

also been used to immobilize Au nanoparticles on surfaces.133 
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Simple functional groups displayed at SAM-environment interfaces can be used for 

further reactions to display more complex molecules on surfaces. Common functional 

groups incorporated into SAMs for reactions to create biological interfaces include 

carboxylic acids, amines, and azides.113,134-139 Care is needed in further functionalization of 

SAMs as the reaction exothermicity of vigorous surface reactions can disrupt the assemblies 

and nanostructures previously formed.10,136,140,141 

Carboxylic acids can be used in standard synthetic reactions (such as N-hydroxy-

succinimide-ethylenediaminecarbodiimide, NHS-EDC, coupling) to create amide linkages – 

such reactions have been used to attach benzenesulfonamide ligands for enzymes,142 as well 

as for attachment of small-molecule neurotransmitters, their precursors, proteins, and other 

molecules.113,130,131 Interactions with large molecules such as receptor proteins are in some 

cases more specific when ligands are distributed several nanometers apart on the surface; 

this is discussed further in the section below on 0D assemblies. Amines, similarly, can be 

used for coupling reactions, which have been used to display functional groups including 

nitrophenyl phosphonates76,97 and neurotransmitters143 on surfaces, to interact with 

molecules in solution. 

Azides displayed on surfaces can be used for a copper(I)-catalyzed azide–alkyne 

cycloaddition known as the ‘click’ reaction due to its high reaction efficiency.144 This 

approach has been used, for instance, to attach peptides to surfaces to study cell 

adhesion.145,146 This reaction has also been carried out using a copper atomic force  

microscope tip to create localized molecular patterns.147 
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1.3 Zero-Dimensional Assemblies 

Zero-dimensional molecular features consisting of individual molecules or small molecular 

clusters have been studied for their electronic, mechanical, magnetic, optical, biological, and 

chemical properties.17 Studies at this level illuminate unique properties that otherwise are 

lost through averaging in ensemble measurements. Here, we select illustrative examples, 

classified based on molecular function (Figure 1.3). 

Single-molecule electronic properties in particular have been extensively investigated 

with the goal of producing single-molecule devices performing the functions of macroscale 

circuit components.148,149 Such studies began in 1974 with a theoretical proposal of a 

molecular rectifier by Aviram and Ratner,150 and now encompass both theoretical and 

experimental work on molecular resistors, rectifiers, electronic and photochromic switches, 

and other devices.151-153 

Just as decreasing the size of macro- and microscale circuit components increases the 

importance of interface issues such as line edge roughness, the interface between a 

molecular device and its environment (including electrodes and surrounding molecules) is 

critical. Electrode–molecule coupling, determined by band alignment, contact bonding, and 

contact geometry, plays a critical role in electron transport properties. Thus, with proper 

control over electrode interfaces, electronic properties of contacts can be tuned.93,148,149,152 

1.3.1 Characterization 

Scanning probe microscopes are widely used for molecular device characterization, since 

they can both image target molecules in their environments and position one electrode (the 
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scanning probe tip) with sub-nanometer precision in three dimensions.154-156 In addition to 

interfaces with the substrate, nearby conductive molecules can influence the electronic 

properties of target molecules. To reduce the effects of such interactions, active molecules 

can be distributed in less conducting monolayer matrices.7,17 One method for doing this is 

solution deposition of conductive molecules inserted into existing ordered alkanethiolate (or 

other) SAMs (Figure 1.3).7,8 Target molecules have high probabilities of deposition at 

domain boundaries and other defects in SAMs, typically resulting in few-nm spacings 

between molecules, adequate for electrical isolation. This method was used by Weiss and 

co-workers to test the conductance switching mechanism of isolated oligo(phenylene 

ethynyl) (OPE) thiolate molecules inserted into self-assembled dodecanthiolate 

monolayers.7,13,15 

Active molecules can also be co-deposited at low concentration with alkanethiolates, 

dispersing them within the alkanethiolate domains; however, high-temperature (~80 °C) 

annealing after deposition can cause the active molecules to phase segregate.157 

Single molecules can also be suspended between contacts in break junctions.156,158,159 In 

this configuration, one electrode is initially in contact with or in close proximity to the other, 

and is slowly drawn away to break contact. If bi-functional (for instance, α, ω-dithiol) 

conductive molecules are present in the junction, quantized conductance decreases are 

observed as the number of molecules bridging the junction decreases. Junction lengths can 

be controlled to ±1 Å, and the junction is typically broken and reformed repeatedly to test 

reproducibility. Alternatively, controlled junction lengths can be achieved in static 

conformations using techniques such as on-wire lithography.160 
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 Further molecular measurements can be made using scanning tunneling spectroscopy.155 

Inelastic electron tunneling spectroscopy (IETS) is performed using STM by holding the tip 

stationary over a molecule (i.e., without varying the tip–sample separation or the lateral 

position), and varying the voltage while monitoring the current at low temperature (4 K). 

This yields current–voltage curves dependent on the vibrational spectrum of the molecule, 

providing both structural and electronic information about the single-molecule 

junction.161,162 Comparable measurements have been made in break junctions.163,164 

1.3.2 Molecular Function 

1.3.2.1 Resistors  

Single-molecule conductance is sensitive to several factors, in addition to the chemical 

structures of molecules. These include the chemistry, geometry, and electronic properties of 

the contacts with the electrode (thiol, amine, etc.), as well as interactions with surrounding 

molecules.93,165-167 

Conductance measurements based on repeated break-junction formation can generate 

histograms of values for thousands of Au–molecule–Au junctions, which are important due 

to variations in conductance with electrode geometry.168 Conductance is often reported in 

relation to the quantum point contact value G0 = 77.4 μS, which is the ideal conductance 

value for two metal electrodes bridged by a single atom of the same metal.165 Conjugated 

molecules with extended π systems have higher conductances than unconjugated molecules 

such as alkanethiols.169 Conductance also varies with the chemistry of the contacts, with 

reported conductance orders of R–P > R–S > R–NH2 > R–COOH for saturated 

alkanes,170,171 and differences between thiolates and selenolates.93 Again, values and relative 
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order depend on the specific backbones and electrodes, as band alignment effects 

dominate.172 

 Molecular energy levels (particularly the highest occupied molecular orbital, HOMO, 

and lowest unoccupied molecular orbital, LUMO) shift on binding to the electrodes. This 

shift determines the difference between molecular energy levels and the Fermi levels of the 

electrodes; alignment of either the HOMO or LUMO with the Fermi level typically 

increases conductivity.166,167 

1.3.2.2 Rectifiers and Diodes  

Certain molecules with two conjugated groups having donor-bridge-acceptor structures 

exhibit asymmetric conduction, or rectification.173,174 Several factors contribute to 

rectification. One is the magnitude of the Schottky barrier at each interface, which depends 

on the mismatch between the molecular HOMO or LUMO and the substrate Fermi 

level.174,175 Another is the placement of the donor-bridge-acceptor structure relative to the 

two electrodes. Asymmetric placement (often achieved using alkyl spacers with different 

lengths) increases rectification.115,176 Rectification also occurs due to differences in energy 

levels between the donor and acceptor groups.176 Distinguishing this contribution from the 

formation of a Schottky barrier requires the use of the same metal for both electrodes, first 

achieved by Metzger and coworkers.177 Rectification ratios (ratio of conductances at 

positive and negative voltages of the same magnitude) of up to 3000 at ±1 V have been 

measured in a cationic donor-bridge-acceptor dye.178 Experimentally, the same challenges 

described above for resistors apply here; for instance, rectification depends on the structure 

of the junction between the electrodes. In addition, the rectification ratio has been observed 
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to decrease with successive measurements, complicating quantification. 

1.3.2.3 Switches  

Molecular switches transition between two (or more) electronic, structural, or optical states 

in response to external stimuli. The behavior of most such molecules is initially 

characterized in solution. Surface-bound switching is of interest because it creates the 

possibility of using switch states in devices; however, surface attachment often impacts 

switching, meaning careful characterization is important. 

 Certain classes of molecules undergo switching between high and low conductance 

states. Oligo(phenylene ethynylene)s are widely studied examples, in which switching 

occurs due to hybridization changes at the metal-molecule contact.13,15 As with the 

molecules discussed above, switching behavior depends on the local environment. For 

instance, placing OPE molecules in well-ordered alkanethiol SAM matrices increases 

stability and reduces stochastic switching frequency. Hydrogen-bonding interactions with 

appropriately designed amide- containing alkanethiol SAMs have been used to stabilize one 

or both switch states.14,179 

Photochromic molecules switch between conformational states upon exposure to light of 

characteristic wavelengths, with switching behavior that is often different on surfaces vs. in 

solution. For instance, azobenzene molecules, containing two benzene rings linked through 

an N═N double bond, undergo photoisomerization from a lower-energy trans conformation 

to a higher-energy cis conformation when irradiated at ~365 nm.180 Isomerization on 

surfaces introduces additional considerations. If molecules lie flat on bare metal surfaces, 

isomerization is typically quenched due to electronic coupling with the surface.180,181 If 
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molecules are elevated off the surface on bulky legs to decouple them from the substrate, 

switching is again observed;181 however, the photon absorption cross-section is reduced 

relative to that in solution,182 and the reaction can proceed via a different mechanism.183 

Switching can also be achieved by depositing the molecules at defects in background SAM 

matrices, linked to the surface through tethers long enough to place the azo functionality 

protruding beyond the matrix.110 In this case, the structure of the tether plays a key role in 

mediating switching.172,181,184 Placing functional molecules on surfaces also opens new 

possibilities for controlling switching. For instance, azobenzene switching on surfaces can 

be initiated using electric fields or tunneling electrons from a STM probe tip.172 

      Mechanically interlocked molecules such as catenanes and rotaxanes operate based on the 

motion of two or more noncovalently linked molecules relative to each other.185-188 Rotaxanes 

are comprised of dumbbell-shaped molecules with a ring-shaped molecule threaded on the shaft. 

The ring can move between two stations on the shaft based on the oxidation state of the preferred 

tetrathiafulvalene (TTF) station. Tethering these molecules to solid surfaces enables them to 

perform work,189 but also raises the possibility that interactions with the surface or neighboring 

molecules may affect their function. 

      The motion of individual rings can be tracked using electrochemical STM (with solution 

covering the surface), as the potential is raised and lowered (from ~0.1 to ~0.5 V), reversibly 

changing the oxidation state of the TTF station. Since the shafts are much less conductive than 

the rings, only the rings are visible in STM images. Observing the motions of ~100 rings as the 

potential is cycled reveals a distribution of ring displacements around the ~3 nm distance 

between stations of the fully extended molecule, with an average displacement of ~2 nm.190 This 
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suggests that the shaft binds to the surface without the ends fully extended. Direct measurements 

such as those described inform strategies for optimizing molecular function for devices, such as 

development of rotaxane switches with more rigid shafts. Rigid shafts would have the further 

advantage of being able to transmit greater force in assembled, cooperative devices.147,189 

1.3.2.4 Single-Molecule Reactions 

Isolating individual molecules or pairs of molecules on surfaces as 0D structures enables 

chemical reactions to be initiated and monitored at the single molecule level. Again, STM is a 

useful tool, since electronic excitation can trigger chemical reactions, which can then be 

observed with the microscope; many STM measurements are performed at low temperature (4 K) 

under ultrahigh vacuum conditions (pressures < 10-10 torr), both reducing the likelihood of 

unwanted side reactions with gas-phase molecules, and slowing reaction kinetics.191 

       Such single-molecule chemistry was pioneered by Ho,192 and Meyer and Rieder.193 Ho and 

coworkers performed single molecule dissociation of pyridine and benzene molecules on 

Cu(001).192 Meyer, Rieder, and coworkers induced Ullmann coupling (formation of biphenyl 

from two iodobenzene molecules) on Cu{111}.193 Weiss and coworkers later extended single-

molecule reaction studies, inducing Ullman coupling with a scanning tunneling microscope and 

differentiating reactive intermediates from products based on IETS measurements.194 Reaction 

mechanisms for catalytic chemistry on metal surfaces are technologically important, and often 

difficult to monitor using standard characterization techniques under reaction conditions. 

     In addition to observing important and normally short-lived reaction intermediates, 0D 

molecular assemblies on surfaces can be used to control reaction pathways to select for paths that 

would be unfavorable in solution. Pairs of thiolated anthracene phenylene ethynylene derivatives 
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deposited at defects in alkanethiolate SAMs are confined in head-to-head arrangements.195 When 

photoexcited, the molecules dimerize via cycloaddition, since they cannot access the head-to-tail 

conformation that would otherwise be sterically favored in solution. 

1.3.2.5 Biological applications of 0D assembly 

Isolating individual biomolecules on surfaces provides unique opportunities for understanding 

their structure and function,17,196-198 although many systems benefit from careful selection of 

passivating monolayers to control interactions between the target molecules and the substrates.1 

Proteins are relatively large (~4 nm diameter for a 50 kD globular protein199) and can interact 

with other nearby proteins on surfaces, meaning that if proteins are targeted to surfaces by 

ligands, it is useful to have the ligands distributed several nanometers apart on surfaces. This is 

possible using the defect-based insertion strategy discussed previously.131,200 For instance, 

5-hydroxytryptophan (5-HTP), a serotonin precursor, has been covalently bound to tethers via its 

additional carboxyl group. The use of insertion-directed self-assembly distributes 5-HTP at 

defects in SAM matrices, effectively spacing these molecules far apart. The use of the precursor 

molecule, instead of the neurotransmitter serotonin (5-hydroxytryptamine) itself, leaves all 

epitopes of serotonin accessible for molecular recognition. These surfaces have been used to 

capture native serotonin receptor proteins.113,143 Substrates capable of biomolecule-specific 

recognition can ultimately be used in tandem with other methods, such as surface mass 

spectrometry, to identify new target molecules.139 

1.4 Perspectives 

Molecular monolayers represent one of the limits of nanostructured materials, and, in some cases, 

enable control of structure and environment down to the single-molecule level. In 2D 
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monolayers, the molecular lattice structures and physical properties can be tuned based on 

substrate structures, and the steric and chemical functionalities of the molecules making up the 

monolayers. Combining monolayer strategies with top-down patterning enables 2D monolayer 

structures to be created with features from below 100 nm to the wafer scale.141 The self- and 

directed-assembly strategies described above enable control down to the sub-nanometer scale. 

To date, the properties of 2D monolayers have been explored extensively; however, restricting 

additional dimensions can provide even greater control over function and provide insight into 

molecular processes. For instance, 0D structures allow the course of individual molecular 

reactions to be controlled and monitored. 

Studying molecular structures and processes at the sub-nanometer scale in real space makes it 

uniquely possible to understand how nanoscale properties change based on interactions with the 

environment, particularly defects and neighboring molecules. Since interfaces, defects, and 

heterogeneous structures are critical in applications from device performance to biological 

function, characterization tools that provide additional information about interfaces will open 

new fields of study and new means of control.  

1.5 Dissertation Overview 

This dissertation is organized as follows, Chapter 1 has discussed monolayer structures ranging 

from surface down to single molecules, with a focus on applications of each type of structure, 

and on techniques that enable characterization of monolayer physical properties down to the 

single-molecule scale. In Chaper 2, we introduce the design of custom-built laser-assisted STM 

that has eliminated heating at tunneling junction and is capable of detecting photocurrent 
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originated from single anthrancene derivatives adsorbed on gold at ambient condition. Chapter 3 

demonstrates that C60-donor-C60 and its chromophore control are positioned at well-controlled 

environment in the same two-dimensional matrix to test the chemical specificity of our laser-

assisted STM and elucidate the photoinduced charge transfer process within the molecular p-n 

junction. Chapter 4 describes a study of study of exchange reactions between alkaneselenolates 

and alkanethiolates bound to gold surfaces. The outlook for work in these areas based on this 

dissertation is summarized in Chapter 5. 

Previous publications: 

Chapter 1 is based on the following invited review and adapted with permission. 

Claridge, S. A.; Liao, W.-S.; Thomas, J. C.; Zhao, Y.; Cao, H. H.; Cheunkar, S.; Serino, A. C.; 

Andrews, A. M.; Weiss, P. S. From the bottom up: dimensional control and characterization in 

molecular monolayers. Chem. Soc. Rev. 2013, 42, 2725-2745. 

 

Chapter 2 is based on two manuscripts in preparation. Currently, they are as follows: Zhao, Y; 

Kim, M.; Hohman, J. N.; Schwartz, J. J.; Wadsworth, G. A.; Weiss, P. S.  Single-Molecule 

Optical Spectroscopy with Ångström-Scale Precision. TBD 2015 and Zhao, Y; Kim, M.; 

Wattanatorn, N.; Ma, H.; Jen, A. K.–Y.; Weiss P. S. Photoconductance of Single Organic 

Molecules Dictated by Image Potential Surface States of Gold Substrate. TBD 2015. 

Chapter 3 is a manuscript in preparation. Currently, the paper is as follows: Zhao, Y; Kim, M.; 

Wattanatorn, N.; Ma, H.; Jen, A. K.–Y.; Weiss P. S. Direct Measurement of Photoinduced 

Charge Creation in Single C60-tethered Triad Molecule. TBD 2015. 

Chapter 4 has been published and is adapted with permission. The paper is: 

Hohman, J. N.; Thomas, J. C.; Zhao, Y. X.; Auluck, H.; Kim, M.; Vijselaar, W.; Kommeren, S.; 

Terfort, A.; Weiss, P. S. Exchange Reactions between Alkanethiolates and Alkaneselenols on 

Au{111}. J. Am. Chem. Soc. 2014, 136, 8110-8121. 
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Figure 1.1 Self-assembled monolayers have molecular lattices that optimize interactions both 

with substrate lattices and between molecules in the monolayers, leading to a variety of lattice 

structures. Molecular structures in monolayers exhibit restricted dimensionality, similar to other 

nanostructured materials, which changes molecular behavior through directional coupling and 

other effects. Adapted with permission from ref. 15, 121, and 201. Defects in monolayer 

structure arise from substrate structure or molecular interactions, and create reactive sites in 

materials that can be used to control and to characterize molecular properties. Adapted with 

permission from ref. 8. 
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Figure 1.2 Two-dimensional molecular structures on surfaces form via the interplay between 

substrates and molecular lattices, and interactions at interfaces. 
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Figure 1.3 Molecular conductance is measured in a STM break junction by monitoring current 

as the STM probe tip is moved away from the surface (top left). A donor–bridge–acceptor 

molecular rectifier exhibits an asymmetric I–V curve, also measured with STM (top center). 

Photodimerization of paired anthracene phenylene ethynylene derivatives isolated in a SAM is 

visualized with STM (top right). Adapted with permission from ref. 195. An isolated 

oligo(phenylene ethynylene) molecule inserted in a dodecanethiolate SAM on Au{111} 

undergoes reversible conductance switching (bottom left). Adapted with permission from ref. 15. 

Azobenzene inserted in a dodecanethiolate SAM undergoes reversible photoisomerization 

(bottom middle). Adapted with permission from ref. 110. The ring of a surface-bound rotaxane 
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shuttles between two stations as the electrochemical potential in the cell is cycled from 0.1 to 0.5 

V (bottom right). Adapted with permission from ref. 190.  
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CHAPTER 2  

Detection of Single-Molecule Optical Absorption with Ångström-Scale Precision:  

Chemical Specificity Revealed in Scanning Tunneling Microscopy 
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2.1 Introduction 

The interaction of light with a molecular junction is an interesting and challenging scientific 

problem in many respects. Techniques such as tip-enhanced Raman spectroscopy,1,2 inelastic 

electron tunneling spectroscopy,3 and ultrafast optical excitation4-6 use photons as a 

characterization tool and have revealed unprecedented spatial and temporal details of surface 

adsorbates and their interactions with substrates. At the same time, there is a growing effort in 

exploiting the control afforded by electromagnetic waves at molecular junctions. The radiation 

field can induce photophysical and photochemical transitions that alter the electronic structure 

and conformation at the molecular scale.7,8 Compared with controlling by a gate potential, whose 

efficiency reduces in systems of nanoscale dimensions, using light has the advantages of speed 

and selectivity in governing junction conduction 

Scanning tunneling microscopy offers highly localized, real-space information, and substantially 

better spatial resolution than optical methods,9 enabling the study of atoms, molecules, and 

nanomaterials in real time and space. However, the lack of chemical specificity is a trade-off for 

the otherwise extraordinary resolution. Chemical identification is interpretive, and it is 

challenging to treat a chemically complex sample quantitatively. From a technical standpoint, 

numerous problems stem from the application of light to a molecular tunneling junction, 

including the need to discern genuine optical effects from those associated with thermal effects, 

such as lateral tip drift, thermal expansion, etc.10-12 Most of the available techniques require 

ultrahigh vacuum and/or low temperature.12-14 They have achieved high stability and resolution, 

but the compromise is that observations are time-consuming and complicated. Therefore, a STM 

that measures photoinduced electrical signal from single molecule with little junction heating and 
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functions at ambient condition proves to be a versatile tool in molecular optoelectronics research. 

Here, we introduce our custom-built laser-assisted STM (photon STM) that eliminates the effects 

of laser heating by evanescent field excitation of the tunneling junction using Kretschmann-

Raether geometry,15,16 establishing stable imaging conditions with long-duration illumination at 

room temperature. This configuration was first described and used by Scherer and co-workers.20 

We investigate the optical response of single organic molecules with Ångström-scale 

precision with the photon STM. Thin Au{111} films on c-cut sapphire prisms serves as the 

substrate of n-alkanethiolate monolayer, which isolates and stabilizes organic molecules8,17,18 for 

single-molecule optical spectroscopy. Light modulation, combined with phase-sensitive 

detection, improves the photoresponse registry. The STM tip, as a near-field detector, collects 

both spatial and optical information of the excited molecules.19,20 Under illumination, 

photoconductive anthracene derivatives undergo strong charge-transfer transitions into their 

excited states and the produced current is detected. 

2.2 Methods 

2.2.1 System Design 

The custom-built photon STM (Figure 2.1) operates under ambient environmental conditions. 

The incident light, coming from the back of the sample, undergoes total internal reflection at the 

half-cylindrical sapphire prism surface and forms evanescent field that excites the molecules 

adsorbed on the Au film. The field intensity in the immediate vicinity of the Au/air interface 

decays exponentially normal to the surface, and its penetration depth is on the order of a fraction 

of the input light wavelength (Figure 2.2).21 As a result, the bulk of the tip is not illuminated in 
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this configuration. Due to their high surface specificity, evanescent optical modes enable us to 

monitor sensitive electrical signals created by the molecular bridge. 

The expected laser-induced tunneling current that reflects the fast surface dynamics is only a 

small contribution to the total tunneling current. It is because this current flows only during the 

short lifetime of the surface excitation, whereas the total tunneling current flows continuously. 

Therefore, rapid amplitude modulation of laser light with a mechanical chopper, combined with 

photo-sensitive detection facilitates photoresponse registration.   

Vibrational and Electrical Noise Reduction 

The acoustic enclosure (Herzan LLC, NanoVault) housing the STM and optical system are 

isolated from floor vibrations by bolting them to an optical table top (Newport SmartTable®) 

with pneumatic legs and active damping cancellation. In order to avoid mechanical disturbances 

from the cables passing through the wall of acoustic chamber, they are clamped tightly with 

foam. The STM is placed on a vibration isolation platform (Minus K Technology Inc., 100BM) 

that has a 1.5 Hz horizontal and 0.5 Hz vertical natural frequency. The temperature inside the 

enclosure fluctuates 1-2 ºC when its door is opened and closed. We measure the temperature 

using a thermocouple near tunneling junction with an Ethernet data acquisition interface (NI 

ENET-9163). Light-induced current measurements are only taken when thermal equilibrium is 

reached inside the chamber. To reduce 60 Hz line signal, ground connection of all electronic 

devices are joined into a separate master ground. Extra precaution has been taken to minimize 

electromagnetic noise: covering the tunneling junction with a μ-metal Faraday cage, having all 

the electronic devices in the acoustic enclosure shut off, and eliminating ground loops. 
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Scanning Tunneling Microscope 

The STM scanner (Figure 2.3C) is a piezoelectric tube, on which the probe tip is fixed, mounted 

on two sets of approach micro slides (Omicron MS-5, 40-400 nm movement per step in 5 mm 

distance) employed for coarse tip positioning in the X (parallel to the ground beneath the 

microscope) and Z (sample surface normal) directions, so that the STM tip can be brought within 

tunneling range and reach an area of ~5 mm × 2.4 μm on the surface. We use mechanically cut 

Pt/Ir wire (80/20%) of 250 μm diameter (Goodfellow Cambridge Ltd.) as tips. The piezoelectric 

tube (EBL Products Inc.) has hollow cylindrical shape. Four divided quadrants are used for XY 

(surface plane) motion while inner electrode controls the Z motion. The piezo-tube is electrically 

isolated from micro slides through Macor base, which is glued to the tube to reduce differential 

thermal expansion. The tunneling current is detected using preamplifier (RHK Technology, Inc., 

Stage I: IVP-300, 109 V/A gain and Stage II: IVP-PGA, ×10 gain selected) configured to 1010 

V/A gain and 5 kHz bandwidth. 

Sample Holder 

The custom-built sample holder made of stainless steel is shown in Figure 2.3B. A half-

cylindrical prism is fixed in position by screwing a cap with a hole in the center. The gold foil on 

the cap makes direct contact with the top surface of the sample and provides electrical contact to 

the current preamplifier via a gold spring. To prevent the spring from being shorted with 

electrically grounded sample holder, the stainless steel surface surrounding the spring is 

insulated with nail polish. The slit at the rear of the sample holder offers passage to incident and 

reflected laser beams. 
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Light Coupling 

The laser beam (p-polarized, 405 ± 5 nm, Coherent Inc. CUBE diode laser) is transmitted 

through a broadband window on the wall of the acoustic enclosure and focused onto the Au/air 

interface by a converging lens (focal length = 75 mm). The alignment of the focusing lens in the 

XYZ directions is accomplished by stepper motor actuator (Newport Corporation, TRA25PPD). 

We have installed a motorized continuous rotation stage (Thorlabs Inc., CR1Z7) to align the lens 

focal plane perpendicular to the propagation direction of the incident beam. The light incident 

angle at Au/sapphire interface can be varied by revolving the scanner and prism holder with the 

rotating stage (Newport Corporation, RV160PE-F) underneath. We analyze the light reflected off 

the interface at discrete incident angles via a CCD camera beam profiler (Thorlabs Inc., BC106-

VIS) that orbits around the tip/sample junction. 

One crucial part of the photon STM is to have the probe tip scan the area that the laser beam 

illuminates. We adjust the tip height (Y direction, perpendicular to the ground beneath the 

microscope) relative to incident beam via the vibration stage. For the X direction, the tip is 

positioned by moving the micro slide on which it resides, according to the view of tip/sample 

junction (Figure 2.3D) through a digital camera (Thorlabs Inc., DCU223C) that has XYZ motion 

with respect to the junction fully controlled by motorized translation stages (Newport 

Corporation, ILS200CC and Thorlabs Inc., MTS Series).  

The incident field is modulated by a chopper wheel (Thorlabs Inc., MC1F60) at 4.5 kHz. 

Hence, the laser on/off switching rate is faster than the responsive time (approximately 1 ms) of 

the tip height control loop. With the chopper frequency reference signal connected to the lock-in 

amplifier (LIA) reference input, light-triggered current is recorded phase sensitively. 
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2.2.2 Substrate Preparation 

Thin (45 nm), flat (roughness 0.3-1 nm) epitaxial Au {111} films are deposited on c-cut sapphire 

cylindrical prisms (Figure 2.4A). Half-cylindrical sapphire prisms (1 cm × 1 cm, 1 cm diameter) 

with epi-polished c-cut planes, Al2O3(0001) were purchased from Meller Optics (Providence, RI). 

These substrates were annealed in air at 1100 and 1400 ºC for 24 h and 18 h, respectively, in 

consecutive cycles.  

Thin Au{111} films were grown on c-cut plane sapphire prisms with a Nb seed layer.22 The 

annealed sapphire substrates were introduced to the ultrahigh vacuum evaporator chamber with a 

base pressure in the 10-10 mbar range, and were outgassed for 1 h at 150 °C to remove adsorbed 

water. A 2-nm-thick Nb seed layer was evaporated at a rate of 0.15 Å/s at room temperature.23 

The pressure increased to ~5 × 10-9 mbar during evaporation. Room temperature deposition 

favors the Nb{110} orientation over Nb{111}, while elevated temperatures (over 800 °C) yield 

Nb{111}.24 The orientation of Au{111} is parallel to Nb{110} with the epitaxial relationship as 

follows:23,25,26  𝐴𝑢(111)[01̅1]‖𝑁𝑏{111}[001]‖𝐴𝑙2𝑂3/0001/[1 0 1̅0]. 

Thin Au films (45 nm, Figure 2.5A) were then deposited at a substrate temperature of 300 ºC 

and an evaporation rate of 0.50 Å/s. The surface temperature should not exceed 300 ºC, to avoid 

inter-diffusion and intermetallic compounds (primarily AuNb3 and Au2Nb3) that occur above 

325 ºC.27 

Sapphire prisms can be recycled by etching off the metal. The Au film is removed by 

immersing the substrate in aqua regia solution for approximately 30 s. After the prisms are 

rinsed with copious deionized water, they are submerged into chemical etchant (70% HNO3 : 49% 
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HF = 1:1) for three days to remove Nb and subsequently washed with water and blown dry. 

Complete removal of Nb is critical for atomically flat gold film growth, and Nb residue 

aggregates during annealing, roughening the surface. 

A n-dodecanethiolate (C12) monolayer was assembled from the vapor phase on the 

Au{111}/Al2O3(0001) substrate with 1 mM n-dodecanethiol (Sigma Aldrich, St. Louis, MO) 

ethanolic solution. 9-(4-Mercaptophenylethynyl)anthracene (MPEA) molecules were inserted 

into a C12 monolayer by placing the substrate into a 10 µM MPEA ethanolic solution for 10 min. 

Single-molecule insertion is highly sensitive to temperature, concentration, and time during 

assembly. 

2.3 Results and Discussion 

2.3.1 Substrate Quality 

The thermal annealing of sapphire substrates at high temperatures is a crucial step to obtain 

atomically flat substrates for high-quality thin film fabrication.28,29 Atomically flat sapphire 

substrates are expected to enhance epitaxial growth of films with sharp interfaces.30 Among 

commercially available sapphire substrates with various crystallographic faces, the Al2O3 (0001) 

basal plane is a good candidate substrate for metal and semiconductor thin film growth.  

The as-supplied Al2O3(0001) substrates show surface irregularity and are contaminated with 

grease from the commercial epi-polishing procedure (Figure 2.4B). Chemical cleaning with 

strong acids removes surface contaminants, however, such procedures attack surface defects 

faster, further roughening the surfaces.31  
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After thermal annealing, c-cut sapphire substrates exhibit a dramatic increase in the 

prevalence of fine, smooth surfaces with atomically flat terraces (~100 nm wide) and uniform 

atomic steps (~0.2 nm in height). Longer annealing (more than 24 h) at 1100 °C improves the 

step edge straightness (Figure 2.4C). However, the terrace sizes increase more slowly with the 

annealing time. Further annealing at 1400 °C doubles the terrace sizes (Figure 2.4D). Several 

repeated cycles of annealing at both 1100 and 1400 ºC substantially improves the overall 

substrate quality. Ultimately, the annealed substrates are air stable until metal deposition. 

The Al2O3(0001) terraces are no longer visible after Au deposition. Grains are discontinuous 

and are smaller than those observed for Au{111} evaporated on a mica substrate (Figure 2.5C). 

Substantial improvement of the Au film quality was observed after thermal and hydrogen flame 

annealing. Thermal annealing of metal films causes diffusion at grain boundaries, allowing them 

to merge, producing larger grains. Au atoms diffuse during heat treatments between 100 and 

400 ºC.32 Evaporated Au layers become smoother, even after annealing at 200 ºC in air for 24 h. 

This smoothing effect can be maximized by long-duration annealing at 400 ºC (Figure 2.5B).  

 Hydrogen flame annealing is another effective way to improve Au film quality.33, 34 Flame 

annealing removes contaminants from the Au surface and increases the grain size. Flame 

annealing Au{111}/mica produces contaminant-free Au surfaces with terrace widths increased 

by a factor of 25 relative to the unannealed films.35 After Au deposition, Au{111}/Al2O3(0001) 

substrates were routinely annealed at 400 ºC for 24 h, and flame annealed immediately prior to 

self-assembly. 
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2.3.2 Scanning Tunneling Microscope Stability 

In order to obtain a surface topography with high resolution or to perform tunneling spectroscopy 

while the tunneling junction is under illumination, the tip length has to be constant during the 

time required to record one image or one spectroscopic curve. Figure 2.6 shows that the tip 

displacement required to keep the distance between tip apex and surface constant is not affected 

by the laser. The tunneling junction is stable with laser power up to 10 mW, which is much 

higher than the power used for direct illumination (< 1 mW). However, at 20 mW, heating from 

the laser causes the tip length change and a heat-induced current. 

We utilize n-alkanethiolate monolayers on Au/{111}Al2O3(0001) as a background matrix for 

single-molecule optical absorption measurements. The height of the matrix can be tuned by 

altering the alkyl chain length to support light-absorbing organic molecules such that the matrix 

is slightly shorter than the inserted photosensitive molecules. The stability of the SAM matrix is 

critical to resolve the intrinsic photoinduced activities of the inserted molecules, excluding any 

outside systematic effects such as heating, electric field, and non-linear harmonic oscillation.  

n-Dodecanethiolate (C12) SAMs on sapphire-prism-supported Au{111} films display 

standard SAM features and hexagonally close packing, identical to those on Au{111}/mica. 

Terrace sizes on the sapphire-supported films are smaller (~500 Å) than observed for high-

quality Au on mica (~1500 Å). Small terraces with many steps are frequently observed (Figure 

2.7A), which reduces the tunneling junction stability. Substrate vacancy islands (red arrows), 

step edges (blue arrows), and domain boundaries (yellow arrows), shown in Figure 2.7B 

indicates no systematic difference from C12 monolayer on Au{111}/mica. A molecularly 
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resolved STM image, Figure 2.7C, shows the C12 molecules arrange in (√3×√3)R30° hexagonal 

lattice. 

2.3.3 Optical Sensitivity and Chemical Selectivity   

While the STM probe tip is scanning over the surface, the junction is illuminated by a laser at an 

incident angle of 37°. The topography and light-induced current were obtained simultaneously 

with modulated laser illumination (Figure 2.8). The anthracene derivative, 9-(4-mercapto-

phenylethynyl)anthracene (MPEA) was selected for photocurrent mapping. It is a conductive 

organic molecule due to delocalized π conjugation interactions, providing a good pathway for 

electron conduction and served as the base for a member of molecular dyads and triads used for 

solar cells.36-38  

To measure its molecular photoconductivity, MPEA molecules were inserted into a C12 

SAM on Au{111}/Al2O3(0001) (Figure 2.8A). In topographic STM images, these inserted 

molecules protrude from the surrounding C12 SAM matrix (Figure 2.8C), because they are both 

longer than the matrix molecules and conductive due to π conjugation.37 Isolated MPEA 

molecules within a C12 matrix respond to 405 nm illumination (Figure 2.8D).39 The 

photocurrent originates from electron transfer from singlet excited MPEA to the tip. The non-

zero LIA signal from the surrounding matrix is due to photo-induced tunneling of hot-electrons 

in gold and instrumental electronic noise. More frequent absorption of MPEA molecules was 

observed along step edges rather than around vacancy islands or domain boundaries. Photon 

STM enables chemical identification of optically sensitive molecules based on their energy 

selectivity. 
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2.3.4 Single-Molecule Photoconductance Measurement 

The current-voltage (I-V) response of an isolated MPEA molecule with and without illumination 

indicates that the molecule is optically active; producing higher tunneling currents while 

irradiated (Figure 2.8B). The current collected without illumination appears flat when plotted on 

the same vertical axis scale as photocurrent. No corresponding current increase was observed for 

the illuminated C12 monolayer. Evanescent field at MPEA is considered to be the driving force 

of increased charge flux. Current through the ground state is blocked by the filled electron 

reservoir on one side of the junction, however, optical excitation effectively transfers electrons in 

MPEA from ground to excited state, leading to a higher total current through the junction.40 In 

addition, hot electrons excited in the metal leads can tunnel into the unoccupied states of MPEA 

and contribute to the light-induced current.41  

2.4 Conclusions and Prospects 

The photon STM presented here is designed to measure the intrinsic photocurrent or 

photoconductance of single molecules, and enables local probes of excited state photochromic 

and photoreactive molecules. It also enables us to conduct photochemical reactions of organic 

molecules in controlled, stable environments. The system can resolve the photoinduced effects of 

single molecules with spectral and temporal selectivity. Improvements in Au{111} substrate 

quality offer better imaging characteristics, enabling long-duration monitoring even under 

ambient environmental conditions.  

This microscope can be easily modified to add further capabilities. For example, it is possible 

to study the surface plasmon resonances of individual particles including nanoclusters,42,43 
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nanoprisms,44,45 and nanocages.46,47 The photon STM can detect local details of topographic and 

optoelectronic differences with sub-nanometer precision. It can also be applied to liquid systems 

to study biological specimens under illumination. Photon STM measurements do not require 

fluorescent tags, and the technique can be applied to measure photoinduced charge transport 

within single biomolecules, such as DNA.48,49     

Most importantly, photon STM can serve as a diagnostic tool to measure the intrinsic 

photovoltaic efficiency of single organic molecules for solar cell applications. By investigating 

candidate molecules with photon STM, we can obtain insight into the photovoltaic effect with 

molecular resolution and provide direct figures of merit for energy conversion. Specifically, 

details of the orientation and contacts can be extracted in a way inaccessible to ensemble 

measurements of organic photovoltaics. These studies will provide important design principles 

and feedback for synthetic chemists, and help to determine key components for efficient light 

conversion. Candidate molecules must first be objectively compared at the molecular level for 

photovoltaic efficiency prior to device fabrication, which will enable the interpretation of 

negative results of photovoltaic device candidates.  

Multiple wavelengths of light can be introduced simultaneously to resolve samples that 

contain mixtures of molecules. Two-photon and time-resolved pulse-probe experiments are also 

accessible. Photon STM can thus be used to improve our understanding of a wide range of 

chemical systems. Our instrument configuration takes advantage of full access to the sample 

surface. Light illumination is isolated from the sample side. This facile access to the sample 

surface will enable us to characterize photothermal effects, fluorescence, and light scattering in 

the near field.50-52  
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Figure 2.1 Schematic illustration of the experimental setup for the photon STM experiment. 
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Figure 2.2 Left, electric field intensity (|E|2) distribution at sapphire/Au/Air interface for 

different incident angles, simulated with finite-difference time-domain method. A p-polarized 

planewave, with a wavelength of 405 nm, propagates from the sapphire toward the interface. As 

the incident angle exceeds the critical angle for total internal reflection, an evanescent field 

penetrating the Au surface appears. Right, electric field intensity is plotted as a function of 

position x at 37° incidence angle. The depth of penetration, defined by the 1/e attenuation is 

approximately 160 nm. At this wavelength, the incident electromagnetic field excites an 

interband transition in the gold, instead of surface plasmons. The thickness of gold film is 40 nm.  
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Figure 2.3 Photographs of (A) Photon STM setup, (B) sample holder, and (C) STM scanner. 

(D) Optical microscope image of the tunneling junction. 
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Figure 2.4 Thermal treatment of c-cut sapphire prisms for atomically flat substrates. 

(A) Photograph of a c-cut sapphire cylindrical prism. Atomic force microscopy images  (top) and 

line profiles (bottom) of Al2O3(0001) prisms, (B) as-supplied, (C) after annealing at 1100 °C for 

24 h, and (D) after another subsequent annealing at 1400 °C for 18 h. Imaging parameters: 

amplitude set point: 200 mV; drive frequency: 270 kHz, scan rate: 2 Hz. A line profile was taken 

along the line indicated in the middle images. The as-received substrates contain grease 

contaminants due to epi-polishing and irregularly rough surface with hardly distinguishable steps. 

Thermal treatment at 1100 °C smooths the entire surface, producing atomically flat terraces with 

straight linear steps. Further heat treatment at 1400 °C doubles the terrace sizes. 
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Figure 2.5 Au{111} film deposition and thermal annealing for high-quality substrates with large 

{111} terraces. Atomic force microscopy images of (A) a 45-nm-thick Au{111} film deposited 

on 2-nm-thick Nb on a Al2O3(0001) prism, (B) after thermal annealing at 400 ºC for 24 h, and 

(C) a 150-nm-thick Au{111}/mica substrate (Agilent, Santa Clara, CA). Imaging parameters: 

amplitude set point: 200 mV; drive frequency: 270 kHz; scan rate: 2.5 Hz. Small grains and large 

gaps around grain boundaries observed before thermal annealing. Thermal annealing at 400 ºC 

increases the grain sizes and generates many large flat terraces. Small curved islands between 

grains are attributed to Au residue from migration during annealing (B, bottom). The grains of 

Au{111} on mica are much larger than those for Au films grown on Al2O3(0001) substrates. 
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Figure 2.6 Scanning tunneling microscope tip length modulation depends on the laser power. 

Tip height (A) and laser induced signal (B) are plotted as a function of time. The laser is turned 

on and off at 2 s intervals; while on, the laser is modulated at 4.5 kHz by a mechanical chopper. 

At 10 mW, heat expansion of the probe tip is negligible, however, at 20 mW, the tip length 

variation is compensated by the distance feedback loop of the STM and reflected in the tip height 

(z), leading to a displacement current recorded by the lock-in amplifier.  
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Figure 2.7 Scanning tunneling microscopy images of n-dodecanethiolate (C12) monolayers 

assembled on Au{111}/Al2O3(0001) substrates, all obtained at a tunneling current of 1.0 pA and 

a sample bias voltage of -1.0 V. The average terrace size is smaller than for typical C12 SAMs 

on Au/mica. (A) Terraces tilted in random orientations, and narrow terraces with many steps are 

often observed in large scan areas. (B and C) Hexagonal close packing and characteristic SAM 

features including vacancy islands (red arrow), domain boundaries (yellow arrow), and step 

edges (blue arrow) indicate that there are no systematic differences from C12 SAMs on 

Au{111}/mica.  
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Figure 2.8 Photoconductance measurements of single organic molecules in a self-assembled 

monolayer with the photon STM. (A) Schematic illustration of 9-(4-

mercaptophenylethynyl)anthracene (MPEA) molecules inserted into a C12 monolayer 

assembled on a Au{111} film. (B) Scanning tunneling spectra of isolated single MPEA 

molecule in a C12 monolayer with laser on (light, forward: red, reverse: orange circles) and off 

(dark, forward: black, reverse: green circles). Scanning tunneling microscopy images of 

simultaneously acquired topography (C), photocurrent (D) of MPEA/C12 molecular system. 

Upon evanescent field illumination with 405 nm incident light wavelength, MPEA molecules 

produce photocurrent while C12 manifests little response to the radiation. 
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CHAPTER 3  

Location-Controlled Incorporation of C60-Donor-C60 Triad and Donor Derivative 

Molecules in the Same Matrix – Towards Molecular p-n Junctions Studies 
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3.1 Introduction 

Donor-acceptor (D-A) heterojunctions (HJs) constitute the central components of organic solar 

cells. Better understandings into the generation and recombination processes of charge carriers at 

donor-acceptor and molecule-electrode interfaces will be crucial for further organic 

optoelectronics advances. Our photon STM offers the capability of identifying the involvement 

of electronic states, particular molecular orientations, and local environment that affect 

generation, transfer, and recombination at single molecule D-A HJs. 

Due to their high degree of π-electron delocalization, fullerenes and their derivatives are 

studied extensively to understand and to utilize their interesting photochemical and 

photophysical properties.1-4 Fullerene-based monolayers formed on metal oxides have been 

demonstrated to enhance electronic coupling between perovskites and polymer semiconductors 

and thus offers a promising route forward for hybrid photovoltaics.5 C60-tethered 2,5-

dithienylpyrrole triad6 has a C60 attached to both ends of an electron-rich chromophore and a 

rigid backbone providing a stable and conducting tether. This donor-acceptor triad structure 

increases the molecule’s efficiency in light harvesting and results in large photocurrent 

generation in the triad SAMs based electrochemical cell measurements. Here, we attempt to 

determine the photo-induced charge generation and separation in single triad via photon STM. 

Compared with device-based measurement, the advantage of using photon STM is that the 

intrinsic molecular properties are determined without the complication from multiple interfaces. 

Since charges are directly extracted from the molecule, our approach also avoids disorder-

induced relaxation that occurs in macroscopic device measurements.  
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We use well-ordered monolayers of alkanethiolates on gold as host matrices to isolate the 

molecules of interest. By employing SAM coadsorption, vapor-phase annealing, and solution-

phase insertion,7,8 photoactive molecules with and without C60 tethered to the donor (Figure 3.1) 

are deposited into a precisely controlled environment, which enables us to identify the 

photoactive molecules in topographic images according to their locations and to measure their 

response to illumination simultaneously. C60 triads are compared with internal controls on the 

same surface to avoid disparities introduced by different samples. 

3.2 Experimental Session 

3.2.1 Materials 

C60-tethered triads and control molecules were synthesized following previously reported 

procedures.6 1-Dodecanethiol, toluene, and absolute ethanol (non-denatured) were used as 

received from Sigma Aldrich. 

3.2.2 Preparation of Gold Substrates 

Gold on sapphire (preparation procedure is described in chapter 2) and gold on mica substrates 

(Agilent, Santa Clara, CA) are annealed by 10 passes of a hydrogen flame. The flame is struck 

from a quartz tip, which is held at a 45° angle while passed over the substrate. Substrates are 

used immediately after preparation. 

3.2.3 Formation of Monolayers 

The C12 solution (1 mM) is prepared by transferring 2.4 μL of neat liquid substance to a 10 mL 

volumetric flask, the mass confirmed gravimetrically. Flasks are then filled to the appropriate 
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volume with ethanol. Vapor-deposited C12 SAMs are obtained by placing the gold substrates in 

the airspace in a vial over a small volume of C12 solution. The vial is capped and placed in a 

furnace set to 78 °C for 24 h. The sample is then washed with ethanol and blown dry with a 

nitrogen stream. 

With ultrasonication to speed up the dissolution, the solution of 2,5-dithienylpyrrole with 

conjugated tether (DTP, Figure 3.1, 0.05 mM, 10 mL) in toluene (HPLC purity) is prepared and 

purged with dry nitrogen. Ammonium hydroxide (28.0-30.0% NH3, 5 μL) is added to 1 mL of the 

solution. The aqueous ammonia hydrolyzes the thioacetyl protecting group, generating the 

thiolate in situ. After 2-min ultrasonication to mix ammonium hydroxide with toluene solution, 

the mixture stands for 30 min for deprotection before use. Monolayer with DTPs inserted is 

prepared by submerging the gold substrate with vapor-deposited C12 SAM into solution of 

deprotected DTP molecules overnight at room temperature. 1-Dodecanethiol and DTP 

coadsorbed monolayers are formed by immersing the flame-annealed gold substrates into 1:4 

DTP/C12 solution overnight at room temperature. During the vapor annealing step, the substrate 

is hold above the liquid in a sealed v-vial containing 10-20 μL of C12 solution. The vial is kept 

at 80 °C for 2 h, exposing the monolayer to vapor-phase C12. 

The solution of C60 triad (0.05 mM, 10 mL) in toluene (HPLC purity) is ultrasonicated and 

bubbled with dry nitrogen. The partial solution (2 mL) are transferred into a vial and diluted with 

0.25 mL of ethanol to ease the dissolution of ammonium hydroxide. Two doses of ammonium 

hydroxide (28.0-30.0% NH3, 25 μL) are added with 3 min sonication in between. After the 

solution is stirred for 0.5 h, the Au substrates are immersed into the solution for 24 h, followed 

by rinsing with toluene and ethanol, and drying with a nitrogen stream. The color of the solution 
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turning to light brown indicates that the acetate protecting group has been removed. The solution 

of C60 triads is purged with dry nitrogen gas weekly to stabilize this thioester molecule in 

solution. 

3.2.4 Scanning Tunneling Microscope Measurements 

All topographic images were collected in atmospheric air and at room temperature with constant 

tunneling current mode, as described previously.9 The Pt/Ir 80:20 tip wire was supplied by Alfa 

Aesar (Ward Hill, MA). The gain of the piezoelectric scanners was calibrated by comparison of a 

C12 monolayer on Au{111} to its known lattice constant of 4.99 Å and Au{111} monoatomic 

step height of 2.34 Å. Photocurrent images are collected with the custom-built photon STM. The 

405-nm diode laser, modulated by a mechanical chopper, illuminates the tunneling junction from 

the rear sapphire at an incident angle of 37°. The optically modulated current is recorded phase 

sensitively. 

3.3 Results and Discussion 

3.3.1 Incorporation of C60 Triads and Control into the Same 2D Matrix 

To study the light-induced effects in the C60 triad and the chromophore, these molecules are 

incorporated into the C12 film. Figure 3.2 are STM topographic images of films containing DTP 

deposited by successive, simultaneous depositions and postadsorption processing, respectively. 

Figure 3.3 are images of the C60 triad inserted into a C12 SAM without and with DTP mixed in 

the domain. These images are characteristic of a large number of measurements. 

The co-assembled method results in monolayers distinct from those have DTP inserted. 

Figure 3.3 shows representative constant-current STM images of C12 monolayer containing 
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DTP. Vacancy islands and terrace domain boundaries are visible in the film as for pure 

alkanethiolate films.10 Protrusions from the film are features assigned as DTP, which are located 

at step edges and terrace domain boundaries in samples deposited with both methods. These are 

the locations where the alkanethiolate film density is lower, thus, offer increased access to the 

gold substrate, resulting in lower barriers to chemisorption. Mixed composition monolayers of 

C12 and DTP prepared with simultaneous deposition have alkanethiolate domains incorporated 

with DTP (Figure 3.2 B, yellow boxes), which is not seen in C12 monolayers with inserted 

DTPs (Figure 3.1A). The differences in the apparent feature sizes of DTP between locations 

indicate that access to single and multimolecular bundles are both possible. Dodecanethiol is 

adsorbed preferentially over DTP due to the strong intermolecular-interaction of the former and 

the solubility of the latter in ethanol. However, DTP interacts with C12 strongly enough to mix 

into the alkanethiolate 2D lattice during its formation. In the annealing step, we use C12 vapor to 

replace molecules of DTP at defect sites and step edges with matrix molecules.  The thermal 

processing induces desorption of weakly bound DTPs and improvement of the host matrix order 

(Figure 3.1C).11,12 Although the surface coverage of DTP has reduced, those guest molecules 

located within the C12 domains are preserved, since their exchange with vapor-phase C12s is 

restricted by the reinforced host matrix. This enables us to differentiate protrusions of C60 triads 

from those of DTPs, once the triads are inserted to the defect sites of the film. 

We have engineered molecular assemblies to isolate and to immobilize the organic molecules 

for single-molecule optical measurements. The C60 triad and DTP molecules are placed within 

domains and at defect sites of the same C12 matrix. Figure 3.3 typifies the surface topography of 

films resulting from insertion of triads to vapor-annealed DTP/C12 co-assembled monolayers. 

The protrusions with full-width-half-maximum (FWHM) of approximately 25 Å are assigned to 
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triads, and they are all present at domain boundaries and step edges.  Tethered chromophores are 

those protrusions mixed in the terrace domains with FWHM of about 14 Å. In this way, 

molecules of interest can be identified in STM topographic images based on their locations. 

3.3.2 Photo-Response of the C60 Triad 

The study of molecular junctions interacting with the radiation field has attracted considerable 

theoretical and experimental effort.13,14 At the tunneling junction of photon STM, the molecule is 

in a non-equilibrium state caused by two different driving processes – an electron flux induced 

by the tip-sample bias and a photon flux associated with optical field. Thus, the electronic 

current may appear as a response to optical pumping. From the experiment perspective, 

interpreting with physical integrity is critical in observing a meaningful signal in a system of 

uncertain structure and competing response and relaxation pathways. In this section, the possible 

origins and amplitudes of the photo-induced current will be discussed. 

The frequency of the input laser beam is in resonance with the molecular electronic transitions 

of the C60 triads. When the triads undergo charge transfer upon excitation, the charge distribution 

of the molecules changes considerably. This indicates that the highest occupied molecular 

orbitals (HOMO) are localized spatially on the chromophore (donor) moiety, while the lowest 

unoccupied molecular orbitals (LUMO) are on the C60 moieties. The asymmetry creates a 

molecular photovoltage that drives charge flow between the metallic tip and gold surface. 

Increased carrier density in previously unpopulated orbitals leads to larger tunneling currents 

under bias voltage. Galperin and Nitzan13 have modeled this non-adiabatic physical process and 

predicted that, with sufficient electron transfer coupling and local field intensity at the junction, 

the steady current resulted from molecule-radiation field interaction should be measurable. The 
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nonradiative damping leads to a current that would reach ~1 nA, with an assumed reasonable life 

time of ~6 fs for an excited molecule to relax via the electron-hole pair mechanism, and incident 

radiation intensity of ~108 W/cm2.15  

The photocurrent amplitude of C60 triad is estimated in the following way. We start with 

calculating photocurrent density by this equation: (1 10 )Ai I e   , where 
W

I
hc


  is the flux 

of photons per unit area per unit time, W is the light input power , λ is the wavelength of incident 

light (405 nm), A is absorbance of the chromophores (C60 triad here), h is Planck’s constant, c is 

the light velocity, and e is elementary charge. Jen and coworkers have reckoned that the quantum 

efficiency (φ) of C60 triad SAMs formed on gold electrodes in electrochemical cells is 51%.6 

With the assumption that the absorption coefficient of triads on gold substrate is the same as that 

in solution, A was estimated to be 0.0097. The photocurrent occurred in a single molecular 

junction can be derived by dividing the current density with the number of the molecules in unit 

area. C60 triads occupy an area of approximately 234 Å2 per molecule, based on density 

functional theory calculations and estimates from charge integration within known area in an 

electrochemical cell.  Although the intensity of the 405-nm cw laser in our laser-assisted STM 

can only be up to a few Watts per unit area, the photocurrent from individual molecule is still a 

realistic possibility. (Figure 3.4) 

We use laser-assisted scanning tunneling microscopy to study the interaction of the triads with 

light. Laser illumination (p-polarized, 405 nm in wavelength) is introduced into the tunneling 

junction via total internal reflection. An evanescent wave containing the same energy with the 

incident light propagates through the gold film and gold-supported organic monolayer. The STM 

probe tip is positioned over the illumination spot and is used to image the local environment, and 
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to probe the optical response of photoactive molecules.16 The topography and light-induced 

current were obtained simultaneously (Figure 3.5). The amplitude of the photocurrent signal is 

close to the background noise of the lock-in amplifier. Features in alkanethiolate SAMs, i.e., 

domain boundary, adatom island, terraces with monoatomic gold step height differences and 

resolved molecular lattices, present in the topographic image are absent in the photocurrent 

image. This is consistent with the HOMO-LUMO gap in C12 being larger than the energy of 

incident photon, leading to no detectable current corresponding to the excitation. The fact that 

the light-induced signal is lower where C60 triads are located is different from our expectation 

(Figure 3.5B, yellow and green boxes). Our explanation is that the sudden tip height change and 

surge of photocurrent at the triad protrusion needs several LIA time-constants to be reflected in 

the LIA output, and the STM tip only lingers at each pixel point for one time-constant, which 

means that LIA cannot respond fast enough to the current, giving rise to null signal. Similar 

phenomena are observed at those bright and dark lines where a tip change occurs as the tip 

moves from one scanning line to the next. This problem can be solved by reducing the LIA time 

constant and slowing down the STM scan speed, which requires high stability at the tunneling 

junction. Revised experiments are ongoing and results will be reported elsewhere. 

3.4 Conclusions and Prospects 

In summary, we presented an approach to incorporate C60-donor-C60 triads and their 

chromophore derivatives into the same 2D matrices, where their photo-activity and quantum 

efficiency will be determined in parallel. These two photoactive molecules can be identified 

according to their local environments, providing a platform to test the chemical specificity from 

photoconductance mapping with our custom-built photon STM. Molecular sizes measured from 
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line profiles confirm that the chromophores are embedded in terrace domains while the triads in 

defect sites of the SAM. Beyond characterizing optical processes experimentally, theory 

computation to model the response of the tunneling junction to incident light is crucial as well. 

Fundamental understanding of our well-controlled model system could help us infer how 

electrons cross the metal-molecule interface upon irradiation. It also provides us with insights 

into tailoring the chemical composition and structure of molecules used as electronic components.   
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Figure 3.1 Chemical structure of C60-tethered 2,5-dithienylpyrrole triad (Left) and the control 

that has no C60 attached (DTP, Right). 
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Figure 3.2 Scanning tunneling microscope topographic images of 2,5-dithienylpyrrole derivative 

(DTP) incorporated into the dodecanethiolate (C12) monolayer by insertion (A) and 

coadsorption (B) methods and the co-assembled film after vapor annealing process (C). The 

DTP molecules appear as protrusions in topography (displayed as bright) and are indicated by 

yellow boxes. They are predominantly located at structural domain boundaries, terrace step 

edges and other defect sites in the films prepared by both methods. However, some are mixed 

into C12 SAM domains and they remain in their locations after the rest are displaced by matrix 

molecule during vapor annealing.  These images are obtained at a sample bias voltage of -1 V 

and a constant tunneling current of 1.0 pA in (A) and 5.0 pA in (B) and (C).  
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Figure 3.3 Incorporating C60 triads and DTP molecules into the same C12 self-assembled 

monolayer. Schematic illustration (A) and scanning tunneling microscope images (B-D) of triads 

inserted into the defect sites of a C12 monolayer while DTP molecules embedded in C12 

domains: (B) inserted C60 triads (red boxes) within a C12 monolayer; (C, D) DTPs mixed within 

C12 domains (yellow boxes) and step edges around the vacancy islands (blue box). Line profiles 

show that C60 triads has a full-width-half-maximum of ~25 Å and DTP of ~14 Å. These images 

are acquired at a sample bias voltage of -1.0 V and a constant tunneling current of 5.0 pA.   
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Figure 3.4 Estimated photocurrent generated from single C60 triad as a function of laser power 

and laser density. The method for numerical estimation is explained in the text. Theoretical 

results predict that light-induced current on the order of 0.01 to 0.1 pA should be generated by 

illuminating the triads with the laser used in our system. The laser power is limited by laser-

induced heating.  
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Figure 3.5 Scanning tunneling microscopy images of inserted C60 triads (yellow and green box) 

within a C12 monolayer. Topography (A) and photocurrent (B) are simultaneously acquired at a 

sample bias voltage of -1.0 V and a constant tunneling current of 1.0 pA. The laser irradiation is 

modulated with a mechanical chopper at 4.8 kHz. The topography of the C12 monolayer appears 

the same as for a typical alkanethiolate film without illumination. There is no light-absorption 

signal for C12 in the photocurrent map except the background noise from the lock-in amplifier. 

Photocurrent at C60 triads is suppressed because the time constant of the lock-in amplifier is too 

long for it to respond to the signal change.  
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CHAPTER 4  

Exchange Reactions between Alkanethiolates and Alkaneselenols on Au{111} 
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4.1 Introduction 

Self-assembled monolayers are test beds for two-dimensional assembly and control. Despite 30 

years of study and myriad applications, the well-known covalent gold-sulfur bond between 

alkanethiol and the gold surface remains imcompletely understood. A confluence of studies 

employing methodologies ranging from scanning probe microscopy, X-ray diffraction, 

computation, and others now support the generally accepted model of a S/Au-adatom complex.1-6 

Consensus has emerged that this energetically stable gold adatom complex exists, which has 

sulfur atoms bound to gold atoms or on opposite sides of the gold adatom in a barbell 

configuration.2-4,6-15 We have observed the important roles of gold adatoms in motion of 

Au-thiolate complexes1 and in conformational changes of molecular switches.16 Assuming the 

existence of an adatom complex, critical unresolved questions remain. Is the adatom layer 

ordered, disordered, or can it transition from one to the other? Are gold adatoms derived from the 

initial lift of the herringbone reconstruction,17-19 or are they abstracted from the unreconstructed 

surface leaving behind vacancy sites?5,7 What is the significance of a proposed barbell motif 

relative to other binding models in the context of molecular exchange and place-exchange 

reactions?20-25 Towards answering such questions, we have explored exchange reactions between 

alkaneselenols and alkanethiolate monolayers. The exchange reaction of an alkaneselenol 

molecule into a preformed alkanethiolate SAM occurs at a substrate presenting nominally 

complete Au-thiolate complex coverage. We investigate the reaction products of this reaction in 

the context of a mobile, labile adatom complex. The Au{111} herringbone reconstruction17 is 

already lifted by thiolate deposition, so Au-S/Se exchange reactions provide an opportunity to 

examine reaction products in the context of the Au-adatom complex.1  
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Replacing thiols with selenols has attracted interest for improving the overall oxidative and 

thermal stability of SAMs, and (in some cases) electronic coupling of molecules to the 

substrate.26-37 Selenium tends to outcompete sulfur for binding sites on the gold substrate.38,39 

Studies of likely binding sites for the selenium atoms are in their relative infancy, with models 

not yet taking into account discoveries in the chemistry of sulfur-gold adatom complexes. Of 

primary interest is the configuration of the selenolate attachment: by observing coexisting 

structures of the two chalcogenolates, we may obtain insight into whether or not selenium is 

attached to the substrate in a manner similar to sulfur.  

In this Chapter, we compare and contrast the structures formed by single-component 

alkanethiolate and alkaneselenolate films on Au{111}, and then report the structures formed by 

and the kinetics of the rapid molecular exchange reaction between gold-bound alkanethiolates 

and alkaneselenols. Additionally, we observe 2D place-exchange reactions between adsorbed 

thiolates and selenolates induced by STM tip. This chemical system provides a basis for 

investigating both gold-thiolate and gold-selenolate attachment chemistry. Our observations 

suggest that, initially, the gold-selenolate structure occupies the same binding structure and 

configuration as the gold-thiolate complex, but as selenolate coverage increases, there is a 

transition to a new interface structure.  
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4.2 Results and Discussion 

4.2.1 Morphological Comparisons of Alkanethiolate and Alkaneselenolate Monolayer 

Structures 

The scanning tunneling microscope is capable of exquisite molecular- and atomic-scale 

resolution, but does not intrinsically provide a means for chemical identification beyond the 

relative sizes and conductance of the molecules measured.40-42 To investigate alkanethiolates and 

alkaneselenolates in mixed, ordered systems, we chose to employ different alkyl chain lengths 

for the two species; a shorter alkyl chain for the thiolate matrix 1-decanethiolate (C10), as 

opposed to the slightly longer 1-dodecaneselenolate (C12Se). The difference in height enables 

the identification of the two molecular species at various stages of their exchange reaction.27,43 

Figure 4.1 details a morphological comparison of single-component C10 and C12Se SAMs on 

Au{111}.  

Imaging an annealed C10 SAM (Figure 4.1A-C) reveals the expected well-ordered hexagonal 

lattice of molecules in the (√3 × √3)R30° configuration. There are two important classes of 

defects: domain boundaries and gold substrate step edges (of which the circular depressions in 

Figure 4.1A, substrate vacancy islands, are a subclass).36,44-47 Ordered molecular domains having 

different alkyl chain azimuthal orientations are typically separated by domain boundaries.46,48-50 

Domain boundaries appear either more or less protruding than the surrounding domains, 

depending on the configuration of molecules at that interface.46 In highly ordered films, such as 

the annealed film shown in Figure 4.1A-C, domain boundaries tend to align with the close-

packed substrate lattice directions, with different boundaries oriented 60° with respect to another. 

Molecular vacancies are defined as one or more molecules missing from an otherwise well-
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ordered lattice, a rare monolayer defect in well-ordered alkanethiolate films. Substrate step edges 

are a single-gold-atom-high transition from one atomically flat terrace to the next. Gold terrace 

step edges and the step edges at substrate vacancy islands are functionally identical in structure 

and behavior.  

The C12Se films26,27,51 are strikingly dissimilar from the alkanethiolate films, as reported 

previously, despite the identical geometries of the alkyl chains (Figure 4.1D and 4.1E). Absent 

are the characteristic alkanethiolate domain boundary structures,46,52 such as those observed in 

the C10 SAM images. Instead, the Moiré patterns of topographic differences are readily apparent 

in the STM images of the C12Se film (Figure 4.1D). These patterns originate from differences in 

the lattice constants of the gold substrate and the overlying molecular layer and result in a 

smooth, continuous variation of molecular apparent height by ~1 Å. These features generally 

align with the substrate, rotated with respect to one another by multiples of 30°, as seen 

previously in annealed monolayers of 1-adamantaneselenolate.32  

The substrate step edges tend to align along the close-packed directions of the gold substrate 

after C12Se adsorption. Additionally, high-resolution STM imaging enables us to report the 

presence of narrow 'vacancy trenches' in the single-component C12Se SAMs. These 

configurations are consistent structurally with the round vacancy islands found in C12 SAMs. 

Each trench shows a median apparent height that is ~2.3 Å lower than the median apparent 

height of the surrounding terrace, indicative of a gold substrate monatomic step. The trenches 

tend to elongate along the crystallographic close-packed direction of the gold substrate. The 

missing row of the vacancy trench is often accompanied by parallel C12Se molecular rows that 

are dissimilar from the surrounding lattice. A typical image at high resolution is shown in 



91 
 

Figure 4.1F. The row adjacent to the trench is less protruding than the median height of the 

surrounding terrace, while the next row is more protruding by the same value of 1 Å. These 

features highlight the variability of bonding configurations available for the Au-Se interactions, 

depending on the immediate local environment.  

The C12Se SAM structure reflects the underlying crystallographic structure of the gold 

substrate, and the differences in apparent height of various features implies with several binding 

configurations with the gold substrate coexisting, a feature we previously reported in our study 

of the 1-adamantaneselenolate system on Au{111}.32 From our observations, we can confirm that 

the C12Se SAM formation lifts the gold herringbone reconstruction and spawns vacancy islands. 

Additionally, the selenolate-gold interaction results in straightened substrate step edge features, 

and produces only small vacancy trenches (compared to the large vacancy islands produced after 

alkanethiolate deposition). The straightening and existence of multiple binding sites are 

consistent with our previous suggestions of gold-selenolate bond promiscuity,26,27 and with more 

recent examples suggesting a number of acceptable binding configurations for selenium to 

gold.32,53 Rapid straightening of gold substrate features also suggests that the gold-selenolate 

complex is more mobile than its sulfur counterpart. We will return to discuss the mobility of the 

selenolate and the hypothesized gold-selenolate complex below.  

4.2.2 Molecular-Exchange and Place-Exchange Reactions of Self-Assembled Monolayers 

We will now introduce and define terms that are important for understanding the phenomena and 

associated timescales of reactions that occur between molecules in self-assembled monolayers. 

There are two distinct types of exchange reactions described in this article. These two reactions 

are related, but are treated separately here. First, we define a molecular exchange (or 
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displacement) reaction as the replacement of an adsorbed molecule by a second species, typically 

accomplished by immersion of a preformed SAM-coated substrate into a solution or vapor of the 

replacing chemical.54-56 The term "insertion" refers to the initial stage of a molecular exchange 

reaction, where molecules of the second species can be found decorating the defect sites of the 

preformed film.54,57 Such sites are well known to provide access to the substrate for other species 

and for chemical reactions,24,26,45,48,56,58-67 and are the first to be occupied. Defects are critical to 

both insertion and displacement. 

Second, we define a place-exchange reaction as a position swap between proximate molecules 

in a 2D lattice, without desorption of either molecule. For our investigations of place-exchange 

reactions, C12Se is incorporated into the C10 SAM by a molecular exchange reaction that is 

arrested before a large fraction of the initial monolayer is displaced. Place-exchange reactions are 

mediated by defects.22,68 

Exchange between adsorbed molecular assemblies and molecules in solution is mediated by 

four primary factors: the chemistry of the molecule/substrate attachment, molecular geometries, 

intermolecular forces, and the type and density of defects (of both the supramolecular assembly 

and the substrate, i.e., by access to the substrate). In the case of molecular self-exchange (e.g., 

the exchange between a 1-dodecanethiolate monolayer and 1-dodecanethiol), most molecules are 

kinetically trapped in domains and exchange occurs primarily at defect sites.20 The constituent 

molecules can be tailored to engineer molecular exchange reactions. For instance, a combination 

of weak intermolecular interactions and low surface density make 1-adamantanethiolate SAMs 

susceptible to molecular exchange by n-alkanethiols.54,57,69 Also, monolayer defects and disorder 

can be induced by exothermic reactions.70,71 The attachment chemistry also plays an important 
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role. Selenols have previously been shown to outcompete sulfur for binding sites on Au{111}. 

Packing densities of C12 and C12Se are similar,26,72 so a thermodynamic drive towards 

increased coverage is absent.57 The Se-Au bond is stronger than the S-Au bond;73 we have shown 

that the Se-Au bond is more promiscuous in terms of binding sites.26 Garrell and coworkers38 

showed a strong surface preference for benzeneselenolates over benzenethiolates, a phenomenon 

attributed to the higher acidity of the selenol group relative to the thiol. Similar experiments on 

copper-supported monolayers of thiolates and selenolates did not show strong preferences for 

either chalcogen.74,75 Substrates can also be engineered to promote exchange.76,77 

Place-exchange between adsorbed thiolates is generally slow in full coverage 

monolayers.20,21,24,57,78-80 Most monolayer dynamics within crystalline domains of nearly 

complete SAMs occur over short distances and over time scales of hours or longer. There is a 

notable difference at defect sites, where dynamics are relatively fast, but there is little precedent 

for covalently bound molecules to transit long distances.59 We have previously observed apparent 

site-hopping of adamantaneselenolates on Au{111}, although these motions are thought to occur 

between adjacent sites separated by only a few Ångströms.32 The even greater promiscuity of 

amine-Au bonds might be expected to lead to enhanced mobility of these species.81 

4.2.3 Determination of Exchange Kinetics by Infrared Spectroscopy 

We employ infrared reflectance absorption spectroscopy (IRRAS) to measure the exchange 

kinetics of SAM exchange/replacement. This method has several advantages for tracking 

changes in monolayers: gold reflectivity is high, the carbon-hydrogen bonds absorb strongly 

between 2800 and 3000 cm-1, coverage down to a few percent of a monolayer can be detected, 

and the resulting spectra provide both coverage and structural information. 
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A typical spectrum for a C12Se SAM, shown as the top spectrum in Figure 4.2A, is analogous 

to that of most alkanethiolates on gold. There are five dominant spectral features: methylene 

symmetric and asymmetric stretches at 2850 and 2918 cm-1, respectively, methyl symmetric and 

asymmetric stretches at 2877 and 2963 cm-1, and a weak band associated with a Fermi resonance 

of the symmetric methyl stretch with a methyl deformation mode, presented as a shoulder of the 

methylene asymmetric stretch.82-84 The intensity and position of the methylene asymmetric 

stretch correlate to monolayer order. The peak position at 2918 cm-1 is consistent with a highly 

ordered, solid-like film. The intensity of the methylene symmetric stretch relative to the other 

peaks is lower than those reported for selenolate monolayers deposited from dialkyldiselenide.72 

We note that the microscopic structure we have observed for monolayers fabricated from 

alkaneselenol appears topographically dissimilar to monolayers deposited from dialkyl 

diselenide (a surface that has been reported to show a substantially larger number of gold 

substrate defects as compared to our observations for alkaneselenol films).85 A thorough 

comparison of alkaneselenol versus dialkyl diselenide self-assembly characterization is 

warranted.  

For determining partial coverage of alkanethiolate monolayers, the methyl symmetric stretch 

(2877 cm-1) is an important spectral feature; taking the ratio of the peak area at each time point to 

the peak area after 24 h displacement yields fractional coverage. The symmetry of the group 

gives it a largely uniform intensity over a range of possible standing-up configurations, making it 

a useful metric for coverage in mixed systems of standing-up phase alkanethiolate SAMs.57,84 In 

the case of C10 exchange by C12Se, the intensity of the 2877 cm-1 peak is nominally constant 

throughout the experiment, as the overall coverage and orientation of the terminal methyl groups 

remain static. Spectral interference is too high for accurate observation of the exchange reaction, 
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and monitoring intensity changes of the methylene asymmetric 2919 cm-1 peak is unreliable. We 

remove spectral interference of the base monolayer by depositing a perdeuterated 

dodecanethiolate (D12) monolayer, with the assumption that the chemistry of D12 film exchange 

is the same as that of a C12 monolayer. Unlike our STM measurements, alkyl chains of identical 

length are employed to simplify interpretation of the kinetics. The infrared spectrum of a D12 

monolayer can be found in Figure 4.7. 

Figures 4.2A and 4.2B show the progression of the exchange reaction between a 

spectroscopically transparent D12 monolayer exposed to an ethanolic solution of C12Se. The 

C-H peaks of the C12Se film emerge with increasing exposure time, and the reaction terminates 

after complete D12 monolayer displacement. The relative ratio of peak intensities remains 

largely static throughout the displacement process, which implies that there is little 

reorganization during displacement (for example, we see no evidence of a transition between 

lying-down and standing-up phases,86 as might be observed for deposition onto a bare substrate). 

Molecules are thus found in their near-final orientations shortly after incorporation into the film. 

Figure 4.2B shows the fractional coverage of C12Se monolayers versus immersion time. As seen 

in the STM images in Figure 4.3, there is an initial phase of slower adsorption dominated by 

insertion at defect sites, followed by a period of more rapid replacement, and the rate ultimately 

slows as the reaction approaches completion. The predominant source of error is sample-to-

sample variability. Each gold substrate has a characteristic (and unquantified) fraction of steps 

and defects.57,87 As the exchange reaction is initiated by insertion at defect sites, subtle 

differences in sample defect density can have large cumulative effects on the final rate of 

exchange. These differences are reflected in the standard deviation of fractional coverage at each 

time point. 
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The Johnson, Mehl, Avrami, and Kolmogorov (JMAK) model was devised originally to 

describe phase transitions in metal alloys.88-90 We have previously used the site-saturated 

nucleation JMAK2 model to describe perimeter-dependent island growth of 

1-adamantanethiolate exchange by C12, and given as:  

𝜃(𝑡) = 1 − 𝑒(𝜅𝑡)2
 

where κ is the rate constant.57 Recent reports suggest that this model can be used generally to 

describe 2D film exchange.91 For comparison, the kinetic data are fit to a variety of other models, 

including pure diffusion, first-, second-, and diffusion-limited Langmuir models, and the constant 

nucleation-rate JMAK3 model. The JMAK2 model, used to fit the kinetic data in Figure 4.2B, 

best represents the data and is consistent with our observations of the reaction progression (a 

slower initial rate followed by a more rapid rate as coverage increased). As shown in Figure 

4.2C, plotting the displacement rate versus the concentration of C12Se on a logarithmic scale 

gives a slope of ~1, implying that the rate is directly proportional to the concentration of C12Se. 

At nearly all conditions investigated, we observe that alkanethiolate monolayers are unstable 

in the presence of alkaneselenols. Codeposition results in single-component C12Se monolayers, 

until the molar ratio approaches 100:1 in favor of the C12. Figure 4.2D shows the sharp 

transition between full-coverage C12Se and D12 monolayers as a function of mole fraction. In 

their work on benzenethiolates and selenolates, Huang et al. linked the faster kinetic exchange of 

benzenethiol and benzeneselenol to the pKa of the selenol, suggesting that the deprotonated 

forms of the selenols were responsible for the faster exchange kinetics.38 Our results examining 

the effect of solution pH on alkanethiolate displacement by selenol corroborate this finding: 

C12Se exchange with C10 SAMs was faster after addition of aqueous sodium hydroxide to the 
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ethanolic selenolate solution. It remains unclear whether this increase in exchange rate is due 

primarily to deprotonation of the replacing species, or whether the hydroxide is facilitating 

abstraction of molecules from the preexisting monolayer. In all cases of hydroxide-catalyzed 

exchange, the methylene asymmetric stretch (~2918 cm-1) is observed to increase in intensity by 

a factor of two to three and shift to ~2930 cm-1, indicative of poor order in the resulting film.57,84 

Annealing the film in the same solution at elevated temperature for 24 h and then repeating the 

spectroscopic analysis reveals a monolayer film indistinguishable from one deposited at room 

temperature, evidence of poor ordering after base-catalyzed displacement of thiolate by 

selenolate. Spectra and kinetic results are collected in the Figure 4.8.  

4.2.4 Molecular Exchange of Decanethiolate by Dodecaneselenol 

A preformed C10 SAM is exposed to 10 mM ethanolic C12Se for 1 min. The STM micrographs 

in Figure 4.3A and 4.3A' reveal rapid insertion of C12Se into the C10 lattice, notably at domain 

boundaries and at step edges. The selenolates appear to occupy hexagonal lattices and to 

incorporate commensurately to the lattices of the surrounding thiolates (Figure 4.3A’). Insertion 

has also been noted at isolated locations within ordered domains, likely a result of C12Se 

insertion at molecular vacancy defect sites (an example image is shown in Figure 4.6).  

In these and most STM images, C12Se molecules appear somewhat more protruding, here 

~0.7 Å, than the neighboring C10 molecules. The measured apparent height is related to the 

configuration of the STM tip, through which the tunneling current passes. We note that changes 

in the tip state result in variations of the observed relative apparent height. In some cases, 

inversion of the relative selenolate and thiolate conductance occurs after a change in the 

electronic properties of the probe. This tendency for tip-dependent conductance changes must be 
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carefully monitored to ensure that probe variations are distinguished from changes in molecular 

binding site. Examples of conductance reversal on tip state changes are shown in Figure 4.6.  

Additional exposure to solution results in rapid increases in the relative C12Se coverages, 

with each site of C12Se insertion becoming a nucleation site for C12Se island growth.57 After 

4 min of C12Se exposure, C12Se is no longer confined to the regions in close proximity to C10 

defect sites, and occupies a substantial fraction of the surface. The relative apparent heights have 

inverted, with C12Se now appearing less protruding. Ordered islands are the dominant 

configuration of the residual C10. Such large thiolate islands (appearing as the protruding 

features shown in Figure 4.3B and 3B’) have edge lengths of 100-500 Å. The largest, most 

ordered SAM domains are similarly most resistant to molecular exchange, as there are few 

internal defects to provide initiation sites for selenolate displacement, requiring molecular 

exchange to occur from the domain edges inwards.  

The displacement reaction does not appear to be a smooth progression between continuous 

domains of C10 to C12Se. The images in Figure 4.3C and 4.3C' reveal striped features of high- 

and low-conductance rows. Comparing apparent heights of the striped regions, it is composed of 

features that match the relative height of thiolate islands separated by less-protruding features. 

We attribute the more protruding of the features to structures at least partially composed of 

residual C10. We use apparent height as the marker for chemical identification. Low-coverage, 

inserted C12Se appears more protruding than C10 in STM images, while the striped features are 

at equal or lower apparent height than C10. As the infrared analysis suggests no change in 

absolute molecular coverage, these lower-height features are consistent with a different bonding 

configuration of the C12Se as relative coverage increases. The reaction progresses with 
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incoming selenolates dismantling the organized domains of the C10 film, making coalescence 

into a single-component C12Se film rapid. This process appears to be anisotropic, with 

displacement favoring the direction along the rows rather than perpendicular to them.  

Unlike the low-coverage example, the C12Se-dominated regions now appear less protruding 

than the C10 matrix. Figure 4.3B’ provides further evidence that the relative conductance of 

thiolates and selenolates is strongly influenced by the underlying substrate binding site. The 

image shows selenolates in two distinct conductance configurations: at the top left are 

selenolates that appear to protrude and are lattice matched to the C10, and on the right is the 

striped selenolate domain, which appears less protruding than the C10 island.  

The apparent height of C12Se is observed to depend on the binding site. As mentioned 

previously, selenolates inserted at defects appear protruding from and lattice matched to the C10 

lattice, which adopts a (√3 × √3)R30° lattice (and related superstructures). After the selenolates 

collapse into their own preferred bonding configuration, the alkanethiolate islands appear to 

protrude in STM images from the surrounding alkaneselenolate lattice by ~ 0.7 Å (for the 

conditions shown), despite the longer chain length of the C12Se molecules. This measurement is 

in close agreement with our previously reported value for C12 inserted into a C12Se SAM, 

wherein C12 molecules in STM images appeared to protrude from preformed C12Se SAMs.27  

After 7 min exposure to a C12Se solution, all C10 molecules were replaced by C12Se. The 

monolayer is configured differently than the directly deposited C12Se SAM, but the variations in 

apparent height in STM images remain. The structure is primarily striped, as shown in Figure 

4.3C and 3C’, reflecting the linear propagation of the displacement reaction. Like the single-
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component C12Se film, the difference between the most and least protruding molecules in STM 

images on single terraces is approximately 1 Å.  

The integrity of the top layer of the gold substrate is preserved by the displacement reaction. 

No aforementioned "trench" vacancy islands are observed after the alkaneselenolates have 

occupied the substrate surface, and the vacancy islands that form after thiolate SAM assembly 

are preserved by the new monolayer. This observation provides evidence that vacancy island 

formation is tied directly to lifting the Au herringbone reconstruction at the initial stage of SAM 

formation, and thus no new vacancy islands can form after thiolate replacement by selenolate. 

Likewise, we do not observe adatom islands, as would be expected if thiolates were abstracted 

and gold adatoms left behind.8,10 At the early stages of the displacement reaction, the longer 

C12Se molecules appear lattice matched to the C10. In such cases, they are trapped in the same 

binding configuration as the sulfur in the C10 SAM. Later, as coverage increases, the selenolates 

are no longer confined to thiolate-like configurations and adopt their own preferred binding 

configurations.  

4.2.5 Bias-Induced Place exchange of Selenolates with Thiolates 

Local SAM coverage, structure, and composition can be used to tailor physical and chemical 

properties at interfaces. Phase-separated molecules can be selectively moved and removed via 

electrochemistry, where domains having weaker intermolecular interactions desorb at lower 

potential.92,93 The STM probe has long been used to manipulate atoms and molecules directly, 

and to perform nanoscale lithographic patterning.94-99 At relatively high voltages (sample bias of 

+3 V), the STM tip can be used to pattern alkanethiolate monolayers.100-102 We have observed 

that the threshold for induced motion of the selenolates is lower, with motion observed at low 
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sample biases, e.g., +1 V, and that we are able to manipulate alkaneselenolates selectively. This 

may be related to the promiscuous binding of selenolates to Au (relative to thiolates).26 

For imaging without perturbing the SAM, we use a sample bias of -1 V at a tunneling current 

of 3 pA. Imaging at a sample bias of +1 V induces physical reorganization of thiolate/selenolate 

mixed monolayers. After reorganization, the overall film order is retained. At high selenolate 

coverage, the effect becomes more dramatic: both thiolate and selenolate domains become 

disordered, and a mottled configuration of high and low conductance domains are observed 

(images can be found in Figure 4.9).  

In Figures 4.4A and 4.4A', C12Se molecules appear protruding relative to the C10 lattice in 

STM images. Upon bias polarity reversal (to +1 V sample bias), the positions of individual 

C12Se molecules are no longer well defined, as shown in Figure 4.4B. We attribute this "noise" 

to molecular place-exchange reactions and motion occurring at timescales faster than 

imaging.103-106 Each image is recorded over ~4 min by moving the tip in a raster pattern over the 

interface, with the tip encountering individual protruding molecules at many positions, rather 

than over a single, well-defined binding site. In image 4.4C, a return to -1 V sample bias halts the 

place-exchange reactions, and the selenolates are again at well-defined sites. There are 

approximately the same numbers of molecules visible in the recorded area before and after bias-

induced shuffling. A change in the tip geometry after bias reversal resulted in faint "double tip" 

artifacts to the lower right of all high-aspect-ratio protrusions, giving the false impression that 

more C12Se molecules are present in the images in Figure 4.4C, C'. Selenolates are then 

observed incorporated into the centers of ordered domains. While the overall domain structures 

before and after place-exchange reactions are nominally the same, the movement of molecules to 
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the new sites results in increased disorder. Protruding C12Se molecules are thus accompanied by 

depressions in the C10 lattice that arise from the additional free space created by decreases in the 

local alkyl chain crystallinity. The structures of the C10 domain boundaries have likewise been 

reconfigured.  

While bias-induced place-exchange reactions are localized, the reactions are not limited to the 

specific position of the tunneling junction. Figure 4.4C' shows that the monolayer was 

reconfigured as far as 50 nm from the region imaged at +1 V substrate bias. The tip scanned only 

over a 250 Å × 250 Å region, but molecules have been shuffled over the 500 Å × 500 Å terrace. 

Additional images recorded at distances greater than 500 Å from the region of induced motion 

reveal no apparent molecular place exchange (Figure 4.10).  

We demonstrated the ability to manipulate small groups of molecules with localized, short-

duration voltage pulses, although the 500 Å range over which motion can be induced made 

directed assembly of individual molecules into specific patterns impractical. Figure 4.5 shows a 

small cluster of protruding C12Se molecules at which the STM tip is positioned. The sample bias 

is set to +1 V at 3 pA tunneling current for 5 sec. Subsequent imaging at -1 V sample bias 

revealed substantial rearrangement of the local structure that continued long after the initial 

pulse. In many cases, however, short pulses had no obvious effects on the local structure at the 

scale imaged, but responses at distances larger than the imaging window could not be excluded. 

Evolution of the structure is observed to continue at faster than the minute timescale. 
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4.2.6 Implications for the Gold-Adatom Complex 

There is no evidence for the restructuring of the gold substrate during complete exchange 

reactions. C12Se SAMs deposited by displacement of C10 show evidence of the topographic 

variations characteristic of the selenolate system, but show vacancy islands characteristic of the 

C10 system (Figure 4.3C, 4.3C'). These features add to the existing evidence that the formation 

of vacancy islands is due to dynamics between the substrate and binding chalcogen as the 

herringbone reconstruction of the gold is lifted.2,18,19,107 We conclude that the configuration of the 

gold-thiolate association is conserved after the initial molecular exchange reaction, and 

additional reconfiguration that does not involve loss of gold atoms occurs as alkaneselenolate 

coverage increases. 

Our observations support two distinct binding modes for selenolate on gold. In the early 

stages of the displacement reaction, C12Se molecules appear more protruding from the C10 

lattice, and the apparent heights of the inserted C12Se are similar to the expected heights for C12 

molecules inserted into C10 lattices. We postulate that the selenolates occupy the binding sites 

previously occupied by thiolates. Exchange at this early stage of the reaction is slow, and C12Se 

molecules are predominantly found at defects in the C10 SAM. In the later stages of the 

replacement reaction, the C12Se molecules appear lower than the C10 domains, and propagation 

of C12Se appears to occur in bands several molecules wide, with stripes of C10 remaining. We 

postulate that the gold-thiolate complexes exhibit long-range order in highly annealed films, thus 

enabling linear stripes of selenolates to propagate over long distances (hundreds of Ångströms).  

A barbell configuration of the gold adatom-thiolate complex has been proposed separately by 

several groups.4,13,32,108,109 Several of our observations mesh well with this concept for the gold-
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adatom complex. The early, high conductance stage of C12Se insertion can be seen as an 

alkaneselenolate binding to and displacing the alkanethiolate from this complex, conserving the 

structure (Figures 4.3A, 4.3A'). As the coverage of selenolates increases, we note a change in 

structure and observed apparent heights of the selenolates (Figures 4.3B, 4.3B'). There are a 

number of mechanistic pathways that can explain the progression of the displacement 

mechanism. Thiolate desorption at SAM and substrate domain boundaries frees binding sites for 

selenol insertion from solution,110 but does not account for the observed accelerated displacement 

after insertion.20,57 A ligand exchange model provides a mechanistic pathway for displacement, in 

which a selenolate binds at the thiolate-occupied complex adjacent to a defect site, and the 

thiolate is subsequently induced to desorb. This mechanism would require formation of a 

transient Au(SeR)(SR)2 complex prior to desorption, which would likely not be observable at 

room temperature or at the slow experimental imaging timescales used in this study.  

It is less clear how to reconcile the barbell model with the mobility of the gold-selenolate 

complex and the patterns formed by the progression of the selenol-thiolate exchange reaction. 

Gold-thiolate complex mobility has long been an important concept for explaining the order and 

dynamics of alkanethiolate monolayers; however, the mobility we observe in the bias-induced 

reactions (as shown in Figure 4.4, above) are unprecedented. During the tip-induced place-

exchange reactions, there are translation distances on the order of 5 nm (corresponding to a 

minimum of 10 molecular lattice site hops to reach the new location) for both individual and 

grouped C12Se. A turnstile mechanism relying on the transient trichalcogen gold complex 

described above provides a possible mechanism. If the selenolate dissociates from a complex and 

can hop to an adjacent complex after bias induced activation, then the thiolate on the destination 

complex could in turn step back to effectively switch sites with the selenolate. Within the alkyl 
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backbone superlattice and in the absence of available solution phase interactions favoring 

abstraction, subsequent transfer of a thiolate to the site vacated by the selenolate would be likely. 

The packing of the alkyl chains would be expected to deteriorate after repeated place exchanges 

by this mechanism, and this is observed as an increase in depressions in the monolayer (e.g., in 

comparison of Figures 4.5A' and 4.5C'). As described above, at higher selenolate coverage, the 

mixed monolayer system becomes randomly mixed and order is lost after imaging at +1 V 

sample bias. Conversely, the gold adatom complexes may instead be swapping sites with 

neighbors, consistent with the observed mobility of the complex. Additional experiments and 

theoretical modeling will be required to address the question of the buried structure and 

mechanism of both molecular and place-exchange reactions between thiolate/selenolate gold 

complexes. 

4.3 Conclusions and Prospects 

Examining SAM molecular exchange reactions through the lens of a gold adatom complex 

provides a variety of insights for interpreting the structural evolution from one complex 

supramolecular system to another, significantly less studied system. The atomic-scale 

configurations of gold-chalcogen bonds are deceptively complex problems. There are numerous 

phases of even simple alkanethiolates and alkaneselenolates on Au{111}.26,86,111 We observed a 

monolayer transition from a full-coverage sulfur-bound C10 SAM to a full-coverage selenium-

bound C12Se, taking note of how the gold substrate directs the progression of the reaction, and 

the structures of the products.  

In comparing single-component C10 and C12Se SAMs, there are numerous structural 

differences. We reported substrate vacancy trenches in single-component C12Se SAMs, which 
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become visible as narrow, linear vacancy islands. These trenches are aligned with the close-

packed substrate lattice directions. Likewise, the ±1 Å apparent height variations of highly 

ordered C12Se are grouped in similarly aligned substrate-matched patches and rows. The 

boundaries between groups of different apparent heights are less stark than the domain 

boundaries in ordered C10 domains. These observations are consistent with the viewpoint that 

there are both more varied binding sites available for selenolates and associated adatom 

complexes, and that apparent height is highly dependent on the Au-Se attachment geometry. 

The replacement of C10 by C12Se does not generate new vacancy trench features or adatom 

islands, suggesting that there is no ejection or reconstruction on thiolate replacement by 

selenium, pointing to conservation of the adatom complex (or of any other hypothesized motif) 

immediately following the exchange reaction. The contrast between the linear propagation of the 

thiolate/selenol displacement versus the more radial growth mechanism of 1-adamantanethiolate 

displacement by alkanethiols may provide insight into the stoichiometry of the complexes 

involved and into mechanistic details of exchange at adatom complexes. The displacement 

reaction follows the JMAK2 site-saturated island growth mechanism, consistent with similar 

monolayer exchange reactions.  

We have observed that access to the substrate is required to initiate the exchange reaction, 

since insertion is observed predominantly at monolayer and substrate defect sites, and the 

insertion of a single molecule creates an adjacent molecular defect site. Also, inserted C12Se 

molecules appear lattice matched to adjacent C10 molecules due to molecule-molecule 

interactions. For low fraction C12Se monolayers, we conclude that the selenolates have adopted 

thiolate-like binding configurations with the gold substrate, and as coverage is increased, the 
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disruption of ordered alkanethiolate domains appears to occur directionally. From this result, we 

infer that the adatom layer is ordered in the highly annealed C10 films we employ. Multiple 

binding configurations have been shown previously to be close energetically, and indicate that 

there are multiple stable possibilities for substrate attachment. The low energy barbell 

configuration may be consistent with these results, however, future experiments with grazing 

angle X-ray diffraction and local barrier height imaging50 will be necessary to elucidate the 

binding configurations of C12Se and C12S. Data shown will have implications not only for the 

Au-S bond complexes, but also in the field of chemical patterning down to the single-molecule 

scale.87 

Finally, we also observed a low (≤1 eV) barrier to induced motion of C12Se by the STM tip at 

positive sample bias, where electrons injected into empty states of the mixed monolayer film 

induce place-exchange reactions between the selenolates and thiolates. During motion, adjacent 

sites seem to have equal probability of providing a new attachment site, assuming the substrate 

bond configuration is the same. The atomistic nature of this reaction remains an open question. 

We postulate that application of positive sample bias induces a local thiolate to selenolate ligand 

exchange metathesis reaction between adjacent gold-adatom complexes. A turnstile adatom 

trichalcogen transitional state would account for the capacity of isolated selenolates to move 

through an ordered lattice without inducing extensive monolayer order.  
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4.4 Materials and Methods 

4.4.1 Materials 

1-Dodecanselenol was prepared by reduction of di(dodecyl)diselenide with LiAlH4 in 

diethylether. After an acidic work-up, the product was purified by distillation over a 30 cm 

Vigreux column at a pressure of 20 hPa. It is vital to strictly exclude oxygen throughout each 

preparation step. 1-Decanethiol, 1-dodecanethiol, and absolute ethanol (nondenatured) were used 

as received from Sigma Aldrich (St. Louis, MO). Perdeuterated 1-dodecanethiol (D12) is used as 

received from CDN Isotopes (Canada). For air-sensitive work, ethanol is degassed via freeze-

pump-thawing cycles as described previously32 and is subsequently transferred to a sealed, 

gasketed bottle stored inside an oxygen-free (<1 ppm) glovebox. All glassware was cleaned by 

immersion in fresh piranha solution (1:3 H2O2 and concentrated sulfuric acid; safety warning: 

solutions are strongly acidic and oxidizing, reactions are energetic and improper use or disposal 

could result in explosion or severe burns.) and thorough rinsing in deionized water supplied by a 

Milli-Q system from Millipore (Billerica, MA).  

4.4.2 Preparation of Substrates and Self-Assembled Monolayers 

Gold on mica substrates (Agilent, Santa Clara, CA) and gold on silicon (prepared by electron 

beam evaporation of 1000 Å Au on a 50 Å Cr adhesion layer, without breaking vacuum, at a rate 

of 1 Å s-1 onto a p-type silicon wafer supplied by Silicon Quest International (Santa Clara, CA)) 

are annealed by 40 passes of a hydrogen flame (safety warning: use appropriate engineering 

controls when striking a flame from a compressed fuel cylinder) at an approximate rate of 0.5 Hz. 

The flame is struck from a quartz tip, which is held at a 45° angle while passed over the 
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substrate. Substrates for C12 SAM fabrication are used immediately after preparation, and the 

time between annealing and C12Se fabrication is minimized. Titanium adhesion layers for gold 

substrates are not recommended as the metal can peel from the substrate in response to 

flame exposure. 

Preparation of exceptionally well-ordered, stable self-assembled monolayers is achieved 

through control of deposition conditions. The C10, C12, and D12 solutions are prepared by 

transferring the appropriate volume of neat liquid substance to a volumetric flask, the mass 

confirmed gravimetrically. Flasks are then filled to the appropriate volume with ethanol. A 

freshly flame-annealed substrate is quickly immersed in the solution. Since full monolayer 

coverage is achieved within milliseconds of solution contact, excess volume is withdrawn. The 

gold substrate is left exposed to the airspace in the vial over a small volume of residual solution. 

The vial is capped and placed in a furnace set to 78 °C for a minimum of 24 h and up to 5 days. 

Under these vapor annealing conditions, SAM domain sizes grow exceptionally large and the 

SAM is well ordered, conditions conducive to imaging substrate-linked structures through 

minimization of alkyl backbone orientational defects. Any oxidative degradation of the film is 

immediately healed, maintaining film quality indefinitely until just before imaging or further 

modification. These well-ordered films resist oxidative degradation better than films deposited 

rapidly or at room temperature, and thus support stable continuous imaging for several days.  

Ethanolic solutions of C12Se are prepared in an oxygen- and water-free glovebox. Organic 

thiols and selenols can contaminate a glovebox environment, so care is taken to minimize clean 

substrate exposure to the glovebox environment. Sample transfer operations are thus conducted 

rapidly, typically less than 3 s. Two vials are each filled with 1 mL of ethanol degassed via 
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freeze-pump-thaw cycles. The first vial is kept sealed, and is held in reserve for a later rinsing 

step. One µL of C12Se is added to the first vial. A 5-min purge procedure is then performed on 

the glovebox environment. A freshly annealed substrate is placed in a gasketed vial, which has 

been briefly purged with a stream of nitrogen prior to sealing. The sample is then transferred to 

the glovebox, removed from the vial, and quickly immersed in the C12Se solution for 24 h. At 

the end of the immersion, the sample is removed from C12Se solution and placed immediately 

into the vial of neat ethanol, which is removed from the glovebox. The film is not air sensitive, 

and is then rinsed with neat ethanol and dried with nitrogen. 

For molecular exchange experiments, the prefabricated initial sample is placed in a solution of 

the specified concentration for the specified time. Exchange by C12Se is performed inside the 

environmental glovebox, and exchange by C10, C12, or D12 is performed under atmospheric 

conditions. 

4.4.3 Scanning Tunneling Microscopy Measurements 

All images were collected on a custom-built beetle-style STM in atmospheric air and at room 

temperature, as described previously.112 The Pt/Ir 90:10 tip wire was supplied by Alfa Aesar 

(Ward Hill, MA). The gain of the piezoelectric scanners was calibrated by comparison of a C10 

monolayer on Au{111} to its known lattice constant of 4.99 Å. To ensure low drift, the STM tip 

is held in tunneling for as long as several days. Imaging of C12Se films is highly dependent on 

the state of the tip, which can change during imaging. Values reported were for stable and 

reproducible tips that could generally persist for several days. If a tip changed states frequently, a 

new tip was either cut immediately, or the instrument was left in tunneling for a period of several 

hours.  
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4.4.4 Infrared Reflectance Absorption Spectroscopy Measurements 

All infrared spectra were collected on a Nicolet 8700 equipped with a Seagull variable angle 

reflection accessory, supplied by Harrick Scientific, Inc. (Ossining, NY). The spectrometer was 

purged by an FTIR Purge Gas Generator supplied by Parker-Balston (Cleveland, OH). Each 

spectrum was the result of between 512 and 1024 multiplexed scans, obtained at the grazing 

incidence angle of 84° relative to sample normal, and at a resolution of 4 cm-1. For fractional 

coverage determination, samples were held in 1 mM exchange solution (typically ethanolic 

C12SeH) for 24 h to provide a 100% selenolate coverage substrate having identical reflective 

properties as those used for the kinetic experiment. Consequently, absolute coverage in the 

kinetic experiment increases slightly in that time. This small source of systematic error results in 

the observed kinetic trend of sub-100% maximum within the kinetic experimental timescale.  
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Figure 4.1 Comparison of scanning tunneling microscope images of single-component 

1-decanethiolate (C10, top) and 1-dodecaneselenolate (C12Se, bottom) self-assembled 

monolayers on Au{111} obtained at a tunneling current of 3 pA and a sample bias voltage 

of -1 V. (A-C) The annealed C10 monolayer is highly ordered, with large domains. The image 

shows important defect sites, including roughly circular vacancy island substrate defects (red 

arrow, (A) and linear domain boundaries SAM defects (white arrow, B) that appear either more 

or less protruding than the surrounding lattice. (C) A high-resolution image of the enclosed 

region in B. (D-F) The C12Se monolayer is ordered locally, but shows local variations in 

apparent height. The periodicity of the variation gives rise to the apparent Moiré pattern (visible 

in the lower right section of D).26 The features align with the underlying substrate, with linear 

features rotated with respect to one another in integer multiples of 30°. (F) Vacancy islands in 

single-component C12Se SAMs are observed, hereafter described as vacancy trenches, 

presenting as narrow, linear depressions aligned with the close-packed direction of the substrate 

(examples denoted with the yellow arrows, D and F). Vacancy trenches are often accompanied 
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by a pair of C12Se molecular rows, which appear to be depressed or protruding from the median 

terrace height by -1 or +1 Å, respectively. The inset shows an expanded view of the region 

bounded by the red box. The median trench apparent height is ~2.3 Å lower than the median 

terrace apparent height, reflecting a monatomic step of the gold substrate surface.  
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Figure 4.2 Tracking the exchange of perdeuterated 1-dodecanethiol (D12) by 1-dodecaneselenol 

(C12Se) via infrared reflectance absorption spectroscopy (IRRAS). (A) Evolution of the C12Se 

spectrum as it displaces the D12 film. Spectral interference over the range shown was eliminated 
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by employing the deuterated species. The coverage indicator is the 2877 cm-1 methyl symmetric 

stretch, denoted by the black arrow. After 90 min, the reaction has reached completion and no 

further exchange occurs. (B) Examples of kinetic experiments tracking the progression of the 

exchange reaction between a preformed D12 film and C12Se in solution. The data are fit to a 

site-saturated JMAK2 (Johnson, Mehl, Avrami, and Kolmogorov) model for perimeter dependent 

island growth.57 (C) Rate constant of displacement versus C12Se concentration on a logarithmic 

scale has a slope of ~1, implying that the rate constant is directly proportional to the 

concentration of C12Se. (D) Codeposition studies of D12 with C12Se demonstrating the 

preference for C12Se in mixed monolayers. C12Se dominates the coverage of a film until the 

mole fraction approaches 100:1 in favor of D12.  
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Figure 4.3 Scanning tunneling micrographs of mixed thiolate/selenolate self-assembled 

monolayers (SAMs) on Au{111}, all obtained at -1 V sample bias and 1 pA tunneling current. 

(A, A’) Brief exposure (1 min) of a C10 SAM to an ethanolic solution of 10 mM 

1-dodecaneselenol (C12Se) results in adsorption at defect sites (step edges and domain 

boundaries). The C12Se molecules appear to protrude from the C10 lattice by approximately 

~0.7 Å in STM images under these conditions. (B, B’) Longer exposures (4 min) resulted in 

substantial molecular exchange with C12Se, replacing C10 under these conditions. The relative 

apparent heights of the two species have reversed; the thiolates appear to protrude from the 

predominantly C12Se lattice by ~0.7 Å in STM images. In B’, features at three different 

apparent heights can be observed in a single image; C12Se molecules (top left) appear to 

protrude from the C10 island by ~0.7 Å, while the island appears ~0.7 Å more protruding than 

nearby striped C12Se. Some intercalation of C10 within the C12Se striped phase cannot be 

excluded. (C, C’) After 10 min of exposure, no C10 molecules are observed, leaving only a 

striped phase of single-component C12Se. 
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Figure 4.4 (Top) Schematic depicting direction of electron flow, sample bias, and reaction 

occurring between the gold (yellow circles) complex of selenolates (red circles), and thiolates 

(orange circles). Alkyl chains are denoted by black or grey lines. (Bottom) Sequence of images 

showing the effect of induced motion of 1-dodecaneselenolate (C12Se) in a 1-decanethiolate 

(C10) self-assembled monolayer. (A and A’) Scanning tunneling micrographs of C12Se 

molecules (appear protruding) inserted predominantly at step edges and domain boundaries. 

Images collected at -1 V sample bias and 3 pA tunneling current. (B) Image of the same region 
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after reversal of the sample bias to +1 V. The reversal of bias polarity induces motion that 

enables C12Se to exchange positions with neighboring C10. The place-exchange reaction occurs 

faster than image acquisition, so the STM probe is no longer able to record the precise position 

of the selenolates.103,104 (C and C’) Returning to -1 V sample bias halts the tip-induced motion of 

selenolates. Protruding molecules are observed in ordered C10 domains, having diffused several 

nanometers while the region was imaged at +1 V sample bias. The larger scan area, image C’, 

reveals that the motion of C12Se is induced at distances up to 50 nm from the tip position. 
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Figure 4.5 Application of a short voltage pulse over a C12Se cluster (+1 V sample bias, 3 pA, 

5 s) induces 2D place-exchange reactions. Molecules that appear to protrude are attributed to 

1-dodecaneselenolates in a 1-dodecanethiolate matrix. The pulse target, denoted by the orange 

circle, is labeled to account for drift over image acquisition times in excess of 5 min. The cluster 

denoted by the white arrow was the target of the voltage pulse. (B) In subsequent images, the 

cluster is displaced as a group and evolves over time. (C) The feature appears stable, and is then 

suddenly truncated at image line denoted in the red arrow, evidence of motion faster than the 

imaging timescale. (D) Subsequent images reveal continued changes in relative heights, with 

molecules likely drawn out of the field of view. The shift in image frame is because of drift over 

long image acquisition times (~5 min/frame). 
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Figure 4.6 Distribution of selenolate exchange and tip dependence of apparent height. (A) 

Dodecaneselenolates inserted predominantly at decanethiolate SAM matrix defects appear 

protruding relative to the surrounding thiolates. In this example, insertion occurs at domain 

boundaries (white arrow), step edges, and within ordered domains, attributed to insertion at 

molecular vacancies (black arrow). (B) A tip state change after continuous imaging resulted in 

inverted contrast for the two molecular species. Both insertion at domain boundaries and within 

the domain now appear less protruding than the surrounding decanethiolate matrix. Such tip state 

changes occur randomly, but are more common as SAM order declines and after repeated sample 

bias reversal experiments. It is important to attribute molecular identity carefully as such tip 

changes can give a false representation of molecular motion and SAM dynamics. 
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Figure 4.7 Carbon-hydrogen and carbon-deuterium stretches for 1-dodecanethiolate (C12, A) 

and perdeuterated 1-dodecanethiolate (D12, B) respectively. 
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Figure 4.8 Effect of solution pH on perdeuterated 1-dodecanethiolate SAM exchange by 

1-dodecaneselenol (C12Se) at 1 mM. (A) Addition of aqueous KOH to 1 mM ethanolic C12Se 

markedly increases displacement rate, while similar addition of aqueous hydrochloric acid 

reduces the rate of exchange. (B) Infrared reflectance spectra of the C-H region after 1 h base-

catalyzed C12Se displacement (blue trace) compared to 24-h displacement at neutral pH. The 

methyl symmetric stretch at 2871 cm-1 has similar intensity, attributed to similar absolute 

coverage. Annealing in basic solution for 24 h at elevated temperature results in a C12Se film 

largely indistinguishable from the neutral pH control sample. This is additional evidence that 

base-catalyzed exchange is disruptive to film structure but does not appreciably affect the 

underlying gold substrate. 
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Figure 4.9 Imaging at positive bias at high relative 1-dodecaneselenol (C12Se) coverage (>25%) 

results in large-area reconfiguration of the monolayer structure. (A) Islands of pristine 

1-decanethiolate (C10) remaining after significant C12Se displacement, an example is enclosed 

in a red square. (B) A high-resolution view of the C10 island in A. (C) Imaging at +1 V sample 

bias results in a decrease in image resolution, consistent with molecular motion and place 

exchange between alkanethiolate and alkaneselenolate. (D) Returning to -1 V sample bias reveals 

a scrambled interface. The discrete C10 islands and striped features have been replaced with a 

mottled structure. (E-G) Continued imaging reveals motion and reconfiguration of the domains 

in the image. With the exception of C, images were collected at -1 V sample bias, and all images 

at 3 pA tunneling current. Images C-G shares the scale of image A.  
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Figure 4.10 Images and aligned composite revealing the spatial distribution of molecules 

induced to move via tip-induced place-exchange reactions. (A) The region highlighted by the red 

square at image center is the region scanned at +1 V sample bias for a full image acquisition time 

(~5 min).  The protruding C12Se molecules are found in different positions after imaging at this 

potential. Domains in excess of 250 Å from the center of the imaged area are largely undisturbed 

by positive bias imaging, as indicated by the white arrows denoting pristine domains in the 

composite image (left and right). 
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CHAPTER 5  

Summary and Outlook 
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5.1 Expanding the Capability of Laser-Assisted Scanning Tunneling Microscope 

Chapter 2 explains the design of our custom-built laser-assisted STM that combines sub-

nanometer spatial resolution with laser excitation. The current, originating from amplitude-

modulated light interacting with a tip-molecule-metal contact interface, is detected under 

ambient condition using phase-sensitive detection technique. We use rear illumination in a total 

internal reflection geometry to reduce the thermal effects at the tunneling junction,1,2 which 

contaminates current intrinsic to the molecule with those generated from thermal voltage, heat-

induced expansion and vibration. The detection of photo-induced tunneling current opens new 

venues for investigating photochemical and photophysical phenomena in systems such as 

organic molecules, noble metal nanoplates, semiconductor nanoparticles, and quantum dots via 

the nanoscale analytical measurements with the photon STM.3-6 For example, the photocurrent 

originating from the excitation of different chemical species on the surface can be measured 

concurrently with absorption spectroscopy measurements with tunable lasers.7 We can infer the 

contributions to the photocurrent and their dynamics from the relationship of the photoinduced 

current with amplitude-modulation of the incident light and external bias.4 By studying the 

luminescence from excited molecular states, we can determine the electronic states involved in 

the photocarrier transfer and the relaxation processes.8,9 A confluence of experimental analyses 

with the photon STM and theoretical modeling will lead to unprecedented knowledge of intrinsic 

optical and electronic characteristics of nanomaterials. This information will guide the rational 

design and engineering of photoactive materials at the interface of optimized optoelectronic 

devices.  
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5.2 The Dependence of Single Molecule Photocurrent on Local Environment  

The photocurrent probed by the STM tip above single MPEA molecules is a proof of principle. 

It shows that a standing evanescent wave penetrating the sapphire excites the gold and the 

adsorbates on it. A theoretical description of light-induced increases in tunneling current over 

molecular junctions is ongoing. Laser radiation triggers Au interband transition and generates hot 

electrons, followed by nonradiative processes, such as formation of an anion radical state after 

injection of a substrate electron into MPEA.10 Preliminary data indicate that the photocurrent 

amplitude of MPEA molecules located at step edges is higher than those at domain boundaries 

and fluctuates between images. These images were recorded continuously and each took 2-3 min. 

There are several hypotheses that need to be tested. One is that MPEA molecules undergo 

conductance switching through conformational changes.11,12 The electronic coupling between the 

LUMO levels and the gold substrate is strongly affected by the molecular orientation, giving rise 

to variations of the photocurrent. A second explanation is that intramolecular repulsive Coulomb 

interaction increase the energy required to inject more electrons, especially in the case that the 

coupling between MPEA and a Pt/Ir tip is weak and electrons cannot be removed from the 

molecule instantaneously. The last possibility is related with the image potential surface states of 

the gold induced by the photocarrier that MPEA molecule bears. Theoretical modeling predicts 

that electrons in the image potential surface states move perpendicular to step edges and parallel 

to terraces.13 Taking into account that evanescent wave propagates parallel to the surface, this 

may explain the discrepancy of photocurrent amplitude of MPEA at different locations.    
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5.3 Photoinduced Charge Transfer in Donor-Acceptor Triads 

Chapter 3 presents our successfully incorporation of C60 triads and its chromophore derivative 

into the same 2D matrix, and hence we can use local optical spectroscopy as a measure for 

distinguishing between different chemical species on a surface with laser-assisted STM, 

information difficult or impossible to obtain solely by STM. The molecular states to which the 

photons are coupled are revealed using differential conductance spectra of charged triads under 

irradiation. Electronic chemical potentials of metals are voltage dependent. Thus, the bias shift 

would affect energy alignment and lead to photocurrent suppression under certain bias and 

coupling conditions.14 Demonstrating the interplay of optical transition and bias is one of the 

goals of future research. Additionally, the light-to-current efficiency may be affected by the 

energy transfer from the molecule to gold substrate via the conjugated tether.15 Comparing the 

performance of photoactive functional groups attached to the metal contact with tethers of 

different conductivity will elucidate how to optimize the organic material for photovoltaic 

application by design. The realization of photon coupling at the molecular level provides a 

versatile and less destructive way to study fields such as surface reaction dynamics, 

photocatalysis and organic optoelectronics. 

5.4 Exchange Reactions between Thiolates and Selenols 

In Chapter 4, we illustrate the structural differences in SAMs formed by single-component 

alkanethiolate and alkaneselenolate molecules on Au{111} and report the molecular and place-

exchange reaction between gold-bound thiolates and selenols/selenolates in detail. 

Alkaneselenolates have multiple stable Au-Se binding configurations, and they adopt the barbell 

binding configuration of the gold adatom-sulfur complex while replacing the thiolates. Further 
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insights regarding the nature of the gold-chalcogenate bond can be obtained by investigating 

molecular exchange between adamantaneselenolate (ADSe) SAMs and 

alkaneselenolates/alkanethiolates. With their rigid and symmetric 10-carbon cage, ADSe 

produces SAMs with weaker van der Waals interactions. These cage molecules assume low- and 

high-conductance modes when adsorbed to the gold surface.16 After annealing the monolayer, the 

high-conductance molecules form dimers with long-range order, implying that the displacement 

reactions at these sites may be distinct from those occur at sites where their more labile low-

conductance counterparts are located. Due to the different molecule-substrate and intermolecular 

interactions of the chemical species involved in the exchange reactions, there is an opportunity 

for new mechanisms and transient gold-adsorbate complexes to be discovered.  
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