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ABSTRACT 

 

Understanding charge transport through molecular junctions and factors affecting 

the conductivity at the single molecule level is the first step in designing functional 

electronic devices using individual molecules.  A variety of methods have been 

developed to fabricate metal-molecule-metal junctions in order to evaluate Single 

Molecule Conductance (SMC).  Single molecule junctions usually are formed by wiring a 

molecule between two metal electrodes via anchoring groups that provide efficient 

electronic coupling and bind the organic molecular backbone to the metal electrodes.  We 

demonstrated a novel strategy to fabricate single molecule junctions by employing the 

stabilization provided by the long range ordered structure of the molecules on the surface.  

The templates formed by the ordered molecular adlayer immobilize the molecule on the 

electrode surface and facilitate conductance measurements of single molecule junctions 

with controlled molecular orientation.  This strategy enables the construction of 

orientation-controlled single molecule junctions, with molecules lacking proper 

anchoring groups that cannot be formed via conventional SMC methods. 

Utilizing Scanning Tunneling Microscopy (STM) imaging and STM break 

junction (STM-BJ) techniques combined, we employed the molecular assembly of 

mesitylene to create highly conductive molecular junctions with controlled orientation of 

benzene ring perpendicular to the STM tip as the electrode.  The long range ordered 

structure of mesitylene molecules imaged using STM, supports the hypothesis that 

mesitylene is initially adsorbed on the Au(111) with the benzene ring lying flat on the 

surface and perpendicular to the Au tip.  Thus, long range ordered structure of mesitylene 
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facilitates formation of Au-π-Au junctions.  Mesitylene molecules do not have standard 

anchoring groups providing enough contact to the gold electrode and the only assumable 

geometry for the molecules in the junction is via direct contact between Au and the π 

system of the benzene ring in mesitylene.  SMC measurements for Au/mesitylene/Au 

junctions results in a molecular conductance value around 0.125Go, two orders of 

magnitude higher than the measured conductance of a benzene ring connected via 

anchoring groups.  We attributed this conductance peak to charge transport perpendicular 

to the benzene ring due to direct coupling between the  system and the gold electrode 

that happens in planar orientation. 

The conductance we measured for planar orientation of benzene ring is two order 

of magnitude larger than conductance of junctions formed with benzene derivatives with 

conventional linkers.  Thus, altering the orientation of a single benzene-containing 

molecule between the two electrodes from planar orientation to the upright attached via 

the linkers, results in altering the conductivity in a large order.  Based on these findings, 

by utilizing STM imaging and STM-BJ in an electrochemical environment including 

potential induced self-assembly formation of terephthalic acid, we designed an 

electrochemical single molecule switch.  Terephthalic acid forms large domains of 

ordered structure on negatively charged Au(111) surface under negative electrochemical 

surface potentials with the benzene ring lying flat on the surface due to hydrogen bonding 

between carboxylic acid groups of neighboring molecules.  Formation of long range 

ordered structure facilitates direct contact between the π system of the benzene ring and 

the gold electrodes resulting in the conductance peak.  On positively charged Au(111), 

deprotonation of carboxylic acid groups leads to absence of long range ordered structure 
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of molecules with planar orientation and absence of the conductance peak.  In this case 

alternating the surface (electrode) potential from negative to positive charge densities 

induces a transition in the adlayer structure on the surface and switches conductance 

value.  Hence, electrochemical surface potential can, in principle, be employed as an 

external stimulus to switch single molecule arrangement on the surface and the 

conductance in the junction.   

The observation of conductance switching due to molecule’s arrangement in the 

junction lead to the hypothesis that for any benzene derivative, an orientation-dependent 

conductance in the junction due to the contact geometry (i.e. electrode-anchoring groups 

versus direct electrode-π contact) should be expected.  Conventional techniques in 

fabricating single molecule junctions enable accessing charge transport along only one 

direction, i.e., between two anchoring groups.  However, molecules such as benzene 

derivatives are anisotropic objects and we are able to measure an orientation-dependent 

conductance.  In order to systematically study anisotropic conductivity at sngle molecule 

level, we need to measure the conductance in different and well-controlled orientations of 

single molecules in the junction.  We employed the same EC-STM-BJ set up for SMC 

measurements and utilize electrochemical potential of the substrate (electrode) as the 

tuning source to variate the orientation of the single molecule in the junction.  We 

investigated single molecule conductance of the benzene rings with carboxylic acid 

functional groups in two orientations: one with the benzene ring bridging between two 

electrodes using carboxylic acids as anchoring groups (upright); and one with the 

molecule lying flat on the substrate perpendicular to the STM tip (planar).  Physisorption 

of these species on the Au (111) single crystal electrode surface at negative 
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electrochemical potentials results in an ordered structure with the benzene ring in a planar 

orientation.  Positive electrochemical potentials cause formation of the ordered structure 

with molecules standing upright due to coordination of a deprotonated carboxyl groups to 

the electrode surface.  Thus, formation of the single molecule junction and consequently 

conductivity measurements is facilitated in two directions for the same molecule and 

anisotropic conductivity can be studied. 

In engineering well-ordered two-dimensional (2-D) molecular structures with 

controlled assembly of molecular species,  pH can be employed as another tuning source 

for the molecular structures and adsorption in experiments conducted in aqueous 

solutions.  Based on simple chemical principles, amine (NH2) groups are hydrogen bond 

acceptors and donors.  Amines are soluble in water and protonation results in protonated 

(NH3
+) and unprotonated (NH2) amine groups in acidic and moderately acidic/neutral 

solutions, respectively.  Thus, amines are suitable molecular building blocks for 

fabricating 2-D supramolecular structures where pH is employed as a knob to manipulate 

intermolecular hydrogen bonding leading to phase transitions.  We investigated pH 

induced structural changes in the 1,3,5–triaminobenzene (TAB) monolayer and the 

formation/disruption of hydrogen bonds between neighboring molecules.  Our STM 

images indicate that in the concentrated acidic solution, the protonated amine groups of 

TAB are not able to form H-bonds and long range ordered structure of TAB does not 

form on the Au(111) surface.  However, in moderately acidic solution (pH ~ 5.5) at room 

temperature, protonation on the ring carbon atom generates species capable of forming 

H-bonds leading to the formation of the long range ordered structures of TAB molecules.  

Utilizing EC-STM set up, we investigated the controllable fabrication of a TAB 2-D 
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supramolecular structure based on amine-amine hydrogen bonding and effect of pH in 

formation of ordered/disordered TAB network. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Nanoelectronics 

Nanoelectronics is the science of understanding, designing and fabricating 

electronic components at the nano-scale.1-2  In such devices, interatomic interactions and 

quantum mechanical properties in charge transport need to be considered.1  Since the 

early time of nanofabrication that started with realization of many transistors in parallel 

by a planar process on a silicon chip to now, the minimum feature size has decreased 

from several tens of microns to 65 nm for present process.2  However, the continuous 

decrease in size has been slowed down by some physical limits and addressing issues 

such as crosstalk, interconnections and energy dissipation is one of the big challenges in 

nanoelectronics.3 

 

1.1.1 Top-down and bottom-up fabrication in nanoelectronics  

Fabrication of electronic devices at the nanoscale started by progress of 

lithography.  In this top down approach as the device features were pushed towards the 

smaller sizes in range of sub-100-nm, the conventional shrinking methods started facing 

technological and fundamental challenges. Technological issues such as device size 

fluctuations that may result in a large spread in device characteristics including the 

increasing costs associated with lithography equipment and operating facilities has 
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prompted the search for an alternative, bottom up approach to fabricating nanoelectronic 

devices.4  In a bottom up approach devices are fabricated by building perfectly 

controlled, atomically precise molecular/atomic assemblies followed up with associating 

them to build circuits.2 

 

1.1.2 Single molecules electronics 

The ultimate goal in miniaturization of nanoscale electronics is fabricating single 

molecule (or single atom in an ideal case) devices in which single molecules are able to 

perform one or a set of controllable functions in an electronic circuit.5-6  The first idea of 

using a single molecule as an electronic component was by Aviram and Ratner who 

proposed a “molecular rectifier” constituted by a single molecule connected to two ultra-

thin metallic electrodes.7  Device applications demand that single molecules perform 

different basic functions of electronics such as transmission,7 rectification,6 conductance 

switching,8 or negative differential resistance.5  In order to implement the electronic 

function at the scale of the single molecule, the maximum control of the molecule’s 

behavior is necessary.  Thus, it is essential to have a close control of the molecule’s 

interaction with the macroscopic world including a full understanding of the quantum 

nature of its response.2  

 

1.1.3 Hybrid molecular electronics 
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 Hybrid molecular electronic devices are made of single molecules connected to 

nanometer sized metallic conductors.2  Since the molecules and the part of the electrodes 

interacting with molecules in hybrid molecular electronics are of nanometer scale, the 

metal-molecule metal system is called a nanojunction.2  In such a setup, electrons cross 

the molecular system but usually do not reside in it and the chemical nature of the 

molecule plays the key role in electron transport.2  Methods for measuring charge 

transport across the nanojunctions are classified in two groups: methods involving 

statistical ensemble of many molecules addressed in parallel and methods allowing 

measurements on a single molecule.2  In order to measure charge transport using any of 

measurement methods, the greatest challenge is connecting the single molecule to the 

metal electrodes and fabricating well-controlled nanojunctions.   

 

1.1.4 Fabricating metal point contacts and single molecule junctions using break 

junction method 

Metal point contacts, also called quantum point contacts (QPCs), are the limiting 

case in hybrid molecular electronics in which a single (generally metal) atom bridges two 

electrical contacts.9  Metal point contacts are mostly fabricated based on methods of 

mechanically breaking a fine metal wire,10 separating two metal wires in contact,11 or 

pulling back a pressed tip onto a flat substrate.12   

To date, the most widely used experimental techniques for creating metal point 

contacts with adjustable size are Mechanically Controllable Break Junctions (MCBJ) and 
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Scanning Tunneling Microscope-based Break Junctions (STM-BJ).  The MCBJ method 

consists of a fine metal wire (or a nanofabricated metal bridge) of the material to be 

studied mounted on a flexible substrate.  The wire (or bridge) is broken by bending the 

substrate, while the conductance curve is obtained and the clean fracture surfaces are then 

brought back into contact.13-14  In the case of the STM-BJ (Figure 1.1), a sharp tip of the 

metallic material under investigation is approached and driven into a full contact with a 

metal surface.  After indentation, the tip is elongated and a connective neck with one or 

multiple atoms bridging between the tip and the surface is formed (Figure 1.1).15  This 

single atom junction is broken eventually as the tip is retracted.15  The current versus tip-

surface distance is recorded during the tip retraction and the conductance is measured.15  

In both techniques, a piezo-electric element is employed for atomic scale control of the 

distance between the electrodes.16  The conductance along the metallic nanowire is 

measured hundreds of times by repeatedly forming thousands of atomic junctions, so that 

statistical analysis could be performed.  

 

Figure 1.1. Schematic of fabricating metal point contacts STM break junction 
method. From left to right: sequences of single metal atom bridging between the STM tip 
and the substrate.  
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Electrical conductance in QPCs is not a continuous function of the constriction 

width (as would be expected from Ohm’s law for macroscopic conductors).14 Instead, a 

quantized conductance at integer multiplies of Go (where Go = 2e2/h= 7.75×10-5 S) is 

observed (Figure 1.2 a).14-15  The displacement of the two electrodes (the STM tip and the 

substrate) without formation of junctions gives rise to quasi exponentially decaying traces 

(Figure 1.2 a, blue curve).  When a junction forms, the current remains approximately 

constant even as the electrode-electrode distance increases so that a current plateau or 

step appears in the traces and the current drops exponentially with distance when the 

junction breaks (Figure 1.2 a).  The histogram generated from the measured current-

distance curves contains peaks that can be ascribed to charge transport through the 

junction and the conductance of a one-atom contact is then extracted from the position of 

the first peak on the conductance histogram (Figure 1.2 b).17 

 

 
Figure 1.2. Conductance measurements for a gold point contact. a) Individual 
current-distance curves and steps of n×Go of a gold contact formed suing STM-break 
junction method, b) corresponding conductance histogram shows well-defined peaks near 
n×Go. 
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In order to fabricate molecular nanojunctions using the break junction method, 

experiments are conducted in the presence of molecules that can attach to the metal 

electrodes.  Formation of nanojunctions occurs upon trapping single molecules between 

the electrodes via anchoring groups.2  

 

1.2 Electrical conduction at the molecular scale   

In a normal macroscopic metallic wire, the conduction electrons are permanently 

scattered by the randomly distributed  defects and impurities.2  The frequent scattering 

results in the resistance to the electron flow, and is an inelastic process for which energy 

is dissipated as heat.  If the mean free path that a conduction electron travels between two 

inelastic events is larger than the length of the conductor, scattering occurs only at 

boundaries of the conductor and the transport is ballistic.18  The ballistic regime for the 

electron transport in the nanojunctions causes the scattering to occur at the constriction 

which results in the incompressible resistance quantum.2  Thus, the major difference in 

describing conductance in conventional conductors and nanojunctions is that the 

conductance in macroscopic systems is continuous and independent of the geometrical 

dimensions of the conductor but in nanojunctions the conductance is finite with values at 

multiples of conductance quantum Go (Go = 2e2/h= 7.75 ×10-5 S).2, 18  

 

 



7 
 

1.2.1 Electrical conduction in nanosystems 

A current is a charge transport per unit time: (I = total charge transported/ t).  

Thus in a nanowire with two electrodes, the energy needed to move electron between two 

electrodes is (µ1 − µ2) where µ1 and µ2 are the electrochemical potentials in electrodes 1 

and 2.  The difference in electrochemical potentials of the electrons is proportional to the 

bias voltage.2  If the density of the states or number of levels at energy E within a ∂E gap 

is ∂n/ ∂E then (µ1 − µ2) (∂n/∂E) represent the total number of levels (orbitals) involved 

in charge transport between the two electrodes in applied bias voltage of V.2  Because 

two electrons with opposite spins can be associated with each orbital a factor 2 should be 

introduced.  Thus, in this simple model, the current flowing a nanowire can be written as:  

Total charge transported = (2e) (eV) (∂n/ ∂E)                             (Equation 1.1) 

If νF is the velocity of the electrons at the Fermi level and L is the length of the 

nanowire, then (νF /L) represents the inverse of the transit time of an electron in the 

nanowire. 

In this simple model, the current flowing a nanowire can be written as:  

  

















E
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L
eI F2                                                                         (Equation 1.2) 

We can expand (∂n / ∂E) as: 
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If for a row of N sites in a free-electron model in one dimension, there are N equally 

spaced levels between k = - π /a and + π /a,2 then 
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The factor of (∂k / ∂E) can be related to velocity of the electrons at the fermi level (νF) as 

following:2 
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Substituting Equations 1.4 and 1.5 in Equation 1.2 results in: 
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For the conductance (G) we finally obtain: 

15
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1075.7
2  
h

e

V

I

R

I
G                                                    (Equation 1.7) 

Thus, the conductance in nanosystems is not infinite, but equals to 2e2/h that is 7.75×10-5 

Ω-1 and is known as the conductance quantum (Go).2  The prerequisites for all the above 

mentioned assumptions and relations is that the Fermi wavelength being of the order of 

width of the conductor.18 In metals, Fermi wavelength has values of the order of 0.1 nm 

and almost in the range of single metal atom radius.18 
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The conductance of so called quantum point contacts was discussed by Landauer who 

formulated the conductivity (G) as:18 

2

1,




n

ji
ijoGG                                                                                     (Equation 1.8) 

Where │Tij│2 specifies the transmission probability of an electron incident on 

channel i and transmitted into channel j.18 

1.2.2 Electron transport at the single molecule level 

The single molecule junction consists of a molecule that lies between two metal 

electrodes and is assumed to be in interaction with them. The coupling with the 

electrodes is small so the molecule retains its properties and individuality.2  The applied 

bias voltage is the electrical potential difference between the two electrodes in volts (V).  

In such systems (Figure 1.3) five pertinent parameters are defined here for the metal-

molecule-metal junction: 

1) The Fermi energy, EF, of electrodes; the Fermi energies, also called 

electrochemical potentials, EF1 and EF2 of electrodes 1 and 2 respectively.  

The difference between the Fermi energy levels of electrodes is simply related 

to the electrical potential difference (V).2   

     eVEE FF  2121                                                              (Equation 1.9) 

2) The molecule-electrode interaction, Γ. 
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3) The Molecular electronic levels (orbitals), with energies ɛi. Specially the 

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) called the frontier orbitals.  

4) The energy difference between the Fermi energy and the closest frontier 

orbital, EG. 

5) The interelectronic repulsion energy, U. 

Electron transport in the metal-molecule-metal junctions occurs by quantum 

mechanical tunneling regime.2  Tunneling regime is a 1-step process in which the 

electron crosses the junction directly from one electrode to the other and does not localize 

on the molecule.2  Molecular levels play an important role in this process by increasing 

the efficiency of the electron transport.  1-step processing typically happens in small 

molecules where there are few energy levels and degrees of freedom available.  In large 

or complex molecules, the probability of the system finding a relaxation pathway that 

leads to electron localization is higher.  Thus, the electron transport is not a 1-step 

process anymore.   

In the metal-molecule-metal junctions EG is large.2  Thus, applying a bias voltage 

across the electrodes is necessary to perform electron injection or removal.    Depending 

on the magnitude of the applied bias voltage, the current can be categorized into resonant 

and non-resonant tunneling.2  Resonant tunneling corresponds to the case where the 

Fermi level of at least one electrode matches one of the molecular ɛi levels and high bias 

voltage is needed.2   Conversely, for non-resonant tunneling the Fermi level does not 

match molecular levels and happens upon applying low bias voltages.2  By introducing 
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the transmission coefficient parameter, T(E), that governs the passage of an electron, the 

equation2 for the current is then: 

 dEEFfEEfVET
h

e
VI FF




 )()(),(

2
)( 21               (Equation 1.10) 

where f is the Fermi function for each electrode.  

 
 

Figure 1.3. Schematic of a single molecule junction with the energy levels of the 
electrodes (Fermi levels) and the HOMO and LUMO frontier molecular orbitals.

 

1.3 Two dimensional (2-D) molecular assemblies 

2-D molecular assemblies are nanostructures composed of molecular building 

blocks arranged on the surface.  2-D molecular assemblies can be prepared by adsorption 

of molecules from a liquid or from the gas phase onto the substrate. Formation of stable 

assemblies usually requires a well-defined surface referred as substrate.19  Assembly of 

the molecules on the substrate occurs due to a balance between molecule-molecule and 
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molecule-surface interactions.  If the assembly is formed mainly due to molecule-

substrate interactions, it is called self-assembled monolayer.19  If molecule-molecule 

interactions are the driving force for assembling molecules, the structure is called a 2-D 

supramolecular structure.19   

 

1.3.1 Self-assembled monolayers of organic molecules (SAMs) 

Self-Assembled Monolayers (SAMs) consist of individual organic molecules as 

building blocks adsorbed on surfaces organized into ordered domains due to interactions 

between molecules and with the surface.  The properties of the self-assembled monolayer 

depend on the structure of the individual molecular building blocks and the substrate 

material.  A very common example of SAM is an alkanethiol adlayer assembled on a 

gold substrate due to thiol-gold interactions.  The thiol terminal groups make extremely 

strong covalent bonds with the gold atoms of the surface, and the alkyl chains pack 

together in a compact way to form striped phase SAM (Figure 1.3).2 

Figure 1.4. Schematic representation of the short-chain alkanethiol assembled on 
Au(111). a) at very low coverage, thiols are highly mobile on the surface, b) striped-
phase islands nucleate heterogeneously and, c) striped phase islands grow until the 
surface reaches saturation. 
1.3.2 2-D supramolecular structures 



13 
 

Supramolecular structures are chemical systems composed of a well-defined 

number of molecular subunits or components.19  The building blocks of such systems are 

connected via non-covalent interactions.20  In the formation of two dimensional (2-D) 

supramolecular structures, assembly of the molecules occurs on a substrate in the absence 

of strong adsorbate-substrate interactions and due to non-covalent intramolecular 

bonding.19  The key step in designing such structures, also known as 2-D crystal 

engineering, is employing intermolecular interactions to bring the molecular building 

blocks together and to manage the assembly on the substrate.  Non-covalent 

intramolecular interactions such as dipole–dipole or van der Waals, hydrogen bonding, 

and metal–ligand coordination or a combination of several of them can be employed in 

managing molecular aggregation causing formation of the 2-D supramolecular 

structure.19  Of the above mentioned non-covalent interactions, hydrogen bonding is one 

of the most studied systems for designing the 2-D supramolecular structures due to the 

relative ease of assembly, being selective and directional19 and strong (10-65 kJ mol-1)21 

that provides enhanced stability to the molecular network.22  Intramolecular hydrogen 

bonds are formed between two molecules called donor and acceptor, respectively.  The 

donor has an available acidic hydrogen atom that is brought into direct contact with the 

acceptor to form a hydrogen bond.  Since hydrogen bonding is not random and is very 

selective and directional, it can be used to tune the spatial arrangement of functionalized 

molecules on the surface. 
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1.3.3 Molecular assemblies at electrode/electrolyte interfaces 

The electrified surface of an electrode in an electrochemical environment can be 

employed as the substrate for fabricating 2-D molecular assemblies.  The electrode 

potential provides an extra factor for controlling molecular assembly on the substrate by 

manipulating molecule-substrate interactions.23-24  Thus, the electrochemical potential of 

the substrate is considered as a tuning source, which can be applied to modulate 2-D 

molecular structures and/or to control structure transitions on surfaces and at interfaces.25  
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CHAPTER 2 

REVIEW OF THE LITERATURE  

 

2.1 Two dimensional (2-D) supramolecular structures at electrode/electrolyte 

interfaces 

2.1.1 2-D supramolecular structures of benzene carboxylic acid molecules  

Carboxylic acids are one of the widely used functional groups in fabricating 2-D 

supramolecular structures due to their combined donor and acceptor character in forming 

hydrogen-bonding patterns.25-26  The choice of molecular shape, size, and the 

arrangement of carboxylic acid groups as hydrogen-bonding sites and external conditions 

such as type of solvent and concentration are available parameters for tailoring 

supramolecular arrays.25-28  Among all molecular structures, hydrogen-bonded benzene 

carboxylic acids at liquid/solid interfaces have been extensively studied.24, 26-31  Changing 

the position of the carboxylic groups, which provide specific sites for intermolecular 

hydrogen bonding, leads to a variety of molecular nanostructures.29-31  Electrochemical 

environments and electrified surfaces provide a unique setting to influence adsorption 

and the assembly process of the molecules and to tailor the 2-D supramolecular 

structure.23-24,32 

The potential-induced adsorption and self-assembly of 1,3,5-benzene-

tricarboxylic acid (trimesic acid, TMA) was investigated at the electrified 

Au(111)/H2SO4 interface by electrochemical scanning tunneling microscopy (EC-
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STM).23  Five distinctly different supramolecular structures, depending on the applied 

potential and the assembly conditions, were imaged using STM (Figure 2.1).   

 

Figure 2.1. Steady-state voltammogram for Au(111)/0.05 M H2SO4 in the presence 
of 3 mM trimesic acid with molecular structure and STM images. (Ia) hexagonal 
honeycomb phase, Esurface= -0.18 VSCE, (Ib) ribbon-type motif, Esurface= 0.03 VSCE, (Ic) 
herringbone motif, Esurface=0.21 VSCE; (II) hydrogen-bonded linear dimers, Esurface=0.34 
VSCE; (IIIb) ordered chemisorbed striped phase of TMA at Esurface=0.80 VSCE. Tunneling 
currents were below 200 pA.23 

 

Negative charge densities or absence of an applied field leads to planar-oriented 

hydrogen-bonded assemblies of  individual trimesic acid (TMA) molecules with the 
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phenyl ring parallel to the substrate surface (Figure 2.2).23  The symmetry and the 

characteristic side lengths of approximately 0.7-0.8 nm agree well with geometrical shape 

and dimensions of TMA.23 

 

  

Figure 2.2. STM image, cross section and structure analysis of the hexagonal 
honeycomb phase of trimesic acid on negatively charged Au(111). a) High-resolution 
in-situ STM image in the presence of 3mM TMA/0.05 M H2SO4 , Esurface = -0.10 VSCE, It 
= 70 pA. The primitive unit cell is indicated, b) typical cross-section profile along the cut 
indicated in a, c) proposed packing model of TMA in a, The unit cell and a 
centrosymmetric dimer motif are indicated.23 

   

Increasing the electrode potential further to positive charge densities of Au(111) 

causes the change in orientation from planar to upright accompanied with the 

deprotonation of one carboxyl group (Figure 2.3).23   
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Figure 2.3. STM image, cross section and structure analysis of the chemisorbed 
striped trimesic adlayer on positively charged Au(111)- (1×1). a) Large-scale STM 
image in the presence of 3 mM TMA/0.05 M H2SO4 on Au(111), Esurface = 0.70 VSCE, It= 
60 pA, b) high-resolution image of ordered chemisorbed striped phase on Au(111)-(1×1), 
Esurface =0.70 VSCE, It =77 pA, the primitive unit cell is indicated, c) typical cross-section 
profile along the directions indicated in b, d) Proposed packing model of TMA in IIIb.23 

 

2.1.2 Orientation of benzene carboxylic acid molecules on charged gold electrode 

Combining in situ surface-enhanced infrared reflection absorption spectroscopy 

(SEIRAS) and STM with cyclic voltammetry studies of adsorption and self-assembly of 

benzoic acid (BA), isophthalic acid (IA), and trimesic acid (TMA)  (Figure 2.4) on a gold 

substrate in acidic solutions indicates that all three molecules are physisorbed on the gold 

electrode surface in a planar orientation at negative charge densities.24    
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The three aromatic acid molecules form long range ordered structures in different 

patterns, which are controlled by π-stacking (BA) or intermolecular hydrogen bonds 

between COOH groups (IA, TMA) (Figure 2.5).  Inducing positive charge to the 

substrate (or changing the surface potential to more positive potentials) causes 

deprotonation of the carboxyl groups resulting in chemisorption of the COO- groups on 

the positively charged gold electrode surface (Figure 2.5).  Thus, the orientation of 

benzene carboxylic acid molecules change from planar to upright (Figure 2.5).24 In both 

physisorbed and chemisorbed adlayers, benzene carboxylic acid molecules are connected 

to each other via intermolecular hydrogen bonds between adjacent unprotonated COOH 

groups.24  

Figure 2.4. Molecular structures and cyclic voltammograms (CV) of an ideal 
Au(111) electrode and high resolution 5×5 nm2 STM images of the ordered phases. 
a) 3 mM BA/0.1 M HClO4 0.65 V (A1), 1.20 V (A2; BA, 12 mM), b) 0.5 mM IA/0.1 M 
HClO4,0.45 V (B1), 1.20 V (B2; IA, 0.5 mM), c) 3 mM TMA/0.1 M HClO4 solution, 
0.30 V (C1), 0.70 V (C2), 1.10 V (C3, TMA, 3 mM).24 
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A detailed analysis of the potential dependencies of characteristic vibration modes 

of the deprotonated COOH group (COO−) done using SEIRAS indicate the 

chemisorption of molecules via a COO− group onto the gold surface (Figure 2.6).  

Sweeping the potential toward positive values causes the intensities of symmetric 

stretching νs (OCO) and ν(C=O) and ν(C–OH) modes of the COO− group to increase and reach 

their maximum values at E>1.000 V (Figure 2.6).24  This observation supports the 

hypothesis that benzene carboxylic acid molecules change their orientation from planar to 

tilted or upright accompanied by the deprotonation of at least one of the carboxyl groups 

(Figure 2.6).24 

 

 
Figure 2.5. 3D SEIRA spectra of BA, IA, and TMA adlayers measured 
simultaneously with the corresponding slow-scan voltammograms.  Potential sweep 
is toward positive potentials from E=0.100 V to E=1.200 V (10 mV s−1). The single beam 
spectrum acquired at E=0.100 V is chosen as reference. Each spectrum represents an 
average of 160 single traces within a potential interval of 50 mV.24 
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The structure of the 2-D supramolecular and orientation of the benzene carboxylic 

acid molecules in such system on electrified surface was studied.  STM imaging 

combined with SEIRAS in the electrochemical environment indicate that electrode 

potential can be employed to control molecular assembly of benzene carboxylic acid 

molecules and orientation of the molecules in these assemblies on the substrate.23-24  

Based on these studies, we used the electrochemical potential of the substrate as a tuning 

source, to control the orientation of benzene carboxylic acid molecules on the surface. 

 

2.2 Single molecule conductivity measurements and molecular wires  

The scanning tunneling microscope was first employed by Bingqian Xu and 

Nongjian Tao for unambiguous measurement of single-molecule resistance by quickly 

and repeatedly forming a large number of molecular junctions in which molecules are 

directly connected to two electrodes (Figure 2.7).33  For fabricating a well-defined single 

molecule junction, they used STM with a feedback control.  The gold STM tip (made of 

0.25-mm gold wire with 99.999% purity) was driven into contact with the substrate at a 

rate of 40 nm/s in solutions containing molecules (1 mM 4,4' bipyridine in 0.1 M NaCIO4 

aqueous solution).33  Once the conductance between the tip and the substrate reached a 

preset value of 4 Go (considered as fully established contact), the STM tip was moved out 

of the substrate and the current was recorded versus the distance between the tip and the 

substrate.33  The substrate was a gold film evaporated on mica in an ultrahigh-vacuum 

chamber.33  As the tip was pulled out of contact with the substrate, a chain of Au atoms 
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bridged between the tip and the surface (Figure 2.7 a).  The conductance decreased in a 

stepwise fashion in the current-distance curve.  Each step appeared at an integer multiple 

of conductance quantum Go = 2e2/h (where e is the electron charge and h is Planck’s 

constant).33   

 

 
Figure 2.6. Conductance of a single molecule connected to two gold electrodes 
determined by repeatedly forming thousands of gold-molecule-gold junctions. a) a 
chain of gold atoms bridges between a gold STM tip and a gold substrate while the tip is 
pulled away from the substrate, b) corresponding conductance histogram constructed 
from 1000 conductance curves as shown in a, c) formation of the stable molecular 
junction when 4,4' bipyridine bridges between the tip and the substrate electrodes, d) 
conductance histogram obtained from 1000 measurements as shown in c,  peaks are 
observed near 1 ×, 2 ×, and 3 × 0.01 Go that are ascribed to one, two, and three 
molecules, respectively, e and f) in the absence of molecules, no such steps or peaks are 
observed within the same conductance range.33 
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A histogram constructed from 1000 such conductance curves shows well-defined 

peaks at 1 Go, 2 Go, and 3 Go due to conductance quantization (Figure 2.7 b).33  In the 

presence of molecules such as 4,4' bipyridine, that can bridge between the tip and 

substrate via anchoring groups and form stable molecular junctions, a new series of 

conductance steps appears in a lower conductance range after the atomic chain was 

broken by pulling the tip away farther (Figure 2.7 c and d).33  These conductance steps 

that appeared after the breaking of the gold contact were attributed to the formation of 

stable molecular junctions. The histogram shows pronounced peaks near 0.01 Go, 0.02 

Go, and 0.03 Go (Figure 2.7 d), which are two orders of magnitude lower than those that 

arose through the conductance quantization.33   

 

2.2.1 Anchoring groups 

. Anchoring groups play a very important role in single molecule conductance by 

controlling two factors of stability and contact resistance of the junction.  In fabricating 

single molecule junction, the molecule needs to bridge between the two electrodes via 

contact of anchoring groups.  Different coupling efficiencies provided by the different 

anchoring groups can largely change the single molecule conductivity. Thus, in 

fabricating single molecule junctions by molecules bridging between the metal 

electrodes, choosing the anchoring groups is the central issue. 

In order to form highly conductive single molecule junctions, anchoring groups 

that can provide strong coupling with the metal electrodes are required.  The relative 
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bond strength for the most widely used anchoring groups with gold is Au-S>Au-

NH2>Au-COOH.34  The conductance of alkanes terminated with S, NH2 and COOH 

anchoring groups, decreases in the order of -SH>-NH2>-COOH.34  Thus, there is a 

meaningful dependence between conductance of the single disubstituted alkane molecule 

junction and the strength of the molecule-metal bond.34-35  

In conventional single molecule conductivity measurements, a range of 

conductance values are reported for a specific molecule depending on the distribution of 

atomic configurations possible at the metal/molecule interface.35  In comparing –SH, -

NH2 and –COOH as anchoring groups, the variation in conductance values is narrower in 

single-molecule junctions formed with Au_NH2 contact.36  This higher stability is 

attributed to the delocalization of the lone pair electrons in nitrogen that makes the 

bonding between Au and NH2 relatively insensitive to the detailed configuration of the 

metal-molecule contact which leads to the small spread in the conductance values, i.e., 

narrower conductance peaks in the histograms.36 

 

2.2.2 Single saturated chain molecule junctions 

The simplest molecular system studied as a model system for testing experimental 

techniques in single molecule conductance measurements is the alkane chain consisting 

of saturated C–C bonds with two terminal groups as linkers that can bind to the gold 

electrodes.  These molecules are considered poor conductors due to the large gaps 
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between their highest occupied molecular orbitals (HOMO) and lowest unoccupied 

molecular orbitals (LUMO).34 

The conductance (G) of an alkane chain with length of L can be formulated as: 

 G = AN exp(–βNL)                                                                              (Equation 2.1) 

The conductance decreases exponentially with molecular length and can be 

systematically studied by varying number of methylene (-CH2) groups in the alkane 

chain.  In this formula (Equation 2.1), AN is a constant determined by the molecule 

electrode coupling strength and reflects the contact resistance.34  βN is a decay constant 

and depends on the alignment of the molecular energy levels with the Fermi level of the 

electrodes.34 

 

2.2.3 Single conjugated molecule junctions 

In order to fabricate highly conductive single molecule junctions, conjugated 

molecules with alternating double and single bonds or delocalized π electrons are better 

candidates.  These molecules have much smaller HOMO–LUMO gaps compared to 

alkanes and are able to transport charge more efficiently. 

Although the single molecule conductance of the conjugated molecules with 

different structures have been studied with a range of approaches, systematic studies into 

the length dependence of the conductance of single conjugated molecules are relatively 
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rare.5  The simplest conjugated molecular systems for fabricating single molecule 

junctions are benzene derivatives with functional groups that can provide sufficient 

contact with the metal electrodes.  The effect of anchoring groups (-S, -CN, -NH2) and 

metal electrode on conductance of single 1,4-disubstituted benzene molecule junctions 

have been investigated (Figure 2.8).  The conductance of the 1,4-disubstituted benzene 

molecules bridging between Pt electrodes were one order of magnitude larger than those 

bridging between Au electrodes, except for NH2 (Figure 2.8).35 

 

 
Figure 2.7. Schematic of the single 1,4-disubstituted benzene molecule junctions 
together with their conductance values.35 
 

2.2.4 Single π-conjugated molecule junctions 

Fabricating highly stable and conductive single molecule junctions is the central 

issue in improving the functionality and operation of single-molecule electronic devices.  
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Since the metal/anchoring group contacts play an important role in the resistivity of the 

single molecule junctions, investigating new metal/molecule interfaces to improve the 

single molecule conductance is important.  A new class of single molecule junctions are 

junctions fabricated by direct binding of π-conjugated organic molecules to metallic 

electrodes without the use of anchoring groups.35  The single π-conjugated molecule 

junctions can include benzene and π-stacked molecules.35  

 

 
Figure 2.8.  Typical conductance traces and histograms of Ag and Au contacts 
before after the introduction of benzene. a) conductance traces with Ag electrodes 
before (black) and after (red) introduction of benzene, b) conductance histogram of Ag 
contacts before (black) and after (red) introduction of benzene at a bias voltage of 100 
mV, c) conductance traces with Au electrodes before (black) and after (red) introduction 
of benzene, d) conductance histogram of Au contacts before (black) and after (red) 
introduction of benzene at a bias voltage of 100 mV.37 

 
 

The simplest π-conjugated molecule is benzene.  The single benzene molecule 

junction was fabricated using mechanically controllable break junction (MCBJ) 

technique in ultrahigh vacuum and low temperature (4K) using Pt and Ag electrodes but 

no junctions were observed with the Au electrodes.38  The experimental measurement 



28 
 

together with theory calculations indicate the formation of a highly conductive single 

benzene junction formed via Pt-C bonds.38  The conductance value of the single 

benzene/Pt junction is not fixed35 because stretching of the junction causes the molecule 

to be tilted  which reduces the conductance before eventually breaks of the Pt-C bonds.38  

In order to obtain single benzene molecule junction with a fixed conductance values, Au 

and Ag electrodes were examined with the MCBJ setup.37  While the single benzene 

molecule junction with high and fixed conductance value was formed using Ag 

electrodes (Figure 2.9 a and b), such junctions were not formed with Au electrodes 

(Figure 2.9 c and d).35, 37  The lack of formation of single benzene junction with Au 

electrodes was attributed to the large nano gap that is formed between the Au electrodes 

after breaking the contact.  The gap size is too large for the benzene molecule to bridge 

between the Au electrodes and form the single molecule junction.37 

The direct binding of π-conjugated molecules to metal electrodes has been 

investigated in multiple π-π stacked aromatic rings.39  Single molecule junction formation 

with gold electrodes and conductivity measurements for a series of molecules with 2,3, 

and 4 π-stacked benzene rings (Figure 2.10 a) resulted in conductances in the range of 

0.01Go to 0.0001Go (Figure 2.10 b).39  These conductance values indicate that the charge 

transport is through the π system and has a component along the molecular axis 

perpendicular to the benzene rings, which lengthens as the number of stacked benzene 

units is increased.39   In addition, the formation of single molecule junctions due to the 

coupling of the gold electrode and the outermost benzene ring of the paracyclophanes 

confirms that the gold electrodes can directly couple to the π system. 
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Figure 2.9.  Molecular structure and STM-BJ conductance histograms of multiple 
π-π-stacked benzene rings.  a) molecular structures of paracyclophane up to four π-π-
stacked benzene rings, b) conductance histograms of compounds 1-3, Inset: Conductance 
histogram peak versus number of paracyclophane units with the dotted line representing 
an exponential fit to the data. 

 

Although the STM-BJ technique failed in measuring single benzene molecule 

conductivity using gold electrodes, we can employ measurements of single-molecule 

conductance of multiple π-π stacked aromatic rings to extract conductance of single 

aromatic ring. In such system, an exponential decay of the conductance with an 

increasing number of stacked benzene rings is observe resulting in a measured 

conductivity of 10-2 Go, 10-3 Go and 10-4 Go for molecules with 2,3, and 4 π-stacked 

benzene rings respectively.39   This leads us to hypothesize, assuming a linear trend for 

conductivity vs. number of π-stacks, a conductivity in the range of 10-1 Go for a single 

phenyl ring.  In our studies, the conductance measured for single phenyl rings using a 

new strategy is in a very close agreement with the values of 10-1 Go.
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CHAPTER 3 

METHODS 

 

3.1 Surface electrochemistry 

Surface electrochemistry, also known as interfacial electrochemistry, can be 

described as the science of studying the role of surface structure and composition in 

reactivity and selectivity at the interface between a solid conductor (the electrode) and an 

ionic solution (the electrolyte).40  In our studies we employ surface electrochemistry to 

investigate the formation of 2-D molecular assemblies on the charged electrode surface 

and the process of charge transport at the solid/liquid interfaces in electrochemical 

environment.  

The simplest set up for investigating the charge transfer processes at 

electrode/solution interfaces is the electrochemical cell with two electrodes (Figure 3.1 

a).  The two-electrode cell consists of two half-cells with a working electrode (WE) and a 

reference electrode (RE) placed in the electrolyte as the conducting medium and 

connected via a salt bridge.41  The energy needed to move charges between the two 

electrodes, is called the cell potential and is measured in volts (V).41  The working 

electrode is the electrode on which the reaction of interest occurs.  The reference 

electrode is an electrode with a stable and well known potential that allows the potential 

of the working electrode to be determined.  In this setup, the potential difference between 
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the electrodes is varied by means of an external power supply that produces a current 

flow in the external circuit between WE and RE electrodes while the current is 

monitored.41  The number of electrons can be measured in terms of the total charge, Q, 

passed in the circuit, expressed in units of coulombs (C).  

Using a reference electrode for measuring the current flows across the working 

electrode can cause some instability in the RE and potential drop across the working 

electrode.   Thus, for more accurate potential control in electrochemical experiments, the 

three-electrode configuration composed of a WE, a RE, and a counter electrode (CE) 

(Figure 3.1 b) is employed.  The CE decouples the current flow across the working 

electrode and provides a separate circuit to measure current flow.42  This configuration 

allows the potential of the working electrode to be set accurately versus a known 

reference electrode and prevents any instabilities occurs due to passing current from RE.  

Figure 3.1. Schematic diagram of electrochemical cell setup. a) two-electrode cell, b) 
Three-electrode cell. 
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3.1.1 Electrode reactions 

In an electrochemical cell, current flow in the external circuit is due to the 

processes on the surface of the electrodes with electrons crossing the electrode/solution 

interface as the reactions occur.  If the species in the solution gains electrons  the 

direction of electron flow is from the electrode to the species in the electrolyte solution, 

the species are reduced and a reduction (cathodic) current flows.41  If the species in the 

solution lose electrons, the species is oxidized and electrons are transferred from the 

species to the electrode, and oxidation (anodic) current flows.41  Reactions in which 

charges (e.g., electrons) are transferred across the metal-solution interface causing 

oxidation or reduction are called faradic processes and the current known as the faradic 

current.41    

 

3.1.2 Electrode potential 

The electrode potential is the most important parameter in interfacial 

electrochemistry.  It represents the electrochemical potentials of the electrons in the 

electrode.43  The electrode potential can be correlated to the energy needed to promote an 

electron from the metal into the electrolyte.43  Hence, controlling the potential of the WE 

with respect to the RE is equivalent to controlling the energy of the electrons within the 

working electrode.   
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As mentioned in previous section, the potential difference between the electrodes 

in an electrochemical cell can be varied by means of an external power supply.  Driving 

the electrode potential to more negative potentials (e.g., by injecting electrons to the 

electrode surface) results in raising the energy of the electrons within the electrode.41  In 

this way the electrons can gain high enough energy to be transferred into the vacant 

electronic states of species in the electrolyte.  Thus, electrons flow from the electrode to 

the solution (reduction current).43  Similarly, the energy of the electrons can be lowered 

by applying a more positive potential to the working electrode.  In this case, the valence 

electrons of the species in the electrolyte can be transferred into the electrode.  These 

potential induced oxidation-reduction processes mean that the electrode potential can act 

as a universal tuning source for manipulating processes that occur on working electrode 

surfaces and for managing faradic current. 

The electrode potential can also be employed to regulate  non-faradic processes, 

e.g., assembly of  molecules on the working electrode in an electrochemical 

environment.41  The structure of the electrode-solution interface can change with 

adjustments to the electrode potential or solution composition, affecting non-faradic 

processes such as adsorption and desorption of the molecules on the electrode surface.  

Although charge does not cross the interface in non-faradic processes, external currents 

can flow (at least transiently) when the potential changes, i.e., there is capacitive 

current.41   
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3.2 Scanning Tunneling Microscopy (STM) 

Scanning tunneling microscopy (STM) was invented by G. Binnig and H. Rohrer 

in 1981 (Nobel Prize in 1986) as a technique for imaging surfaces with atomic resolution.  

Since then STM has been employed for investigating the properties of a sample surface 

or molecular adlayer formed on the sample surface, imaging two-dimensional (2-D) 

patterns, manipulating nanostructures, monitoring interfacial reactions and, as a more 

recent developed field of research, studying electron transport processes in nanoscale 

structures. 

 

3.2.1 Principles of STM 

The working principle of STM is based on the quantum mechanical tunneling 

phenomenon that allows current to flow between metal electrodes.  STM uses an 

atomically sharp conducting probe (tip) with radius of curvature (typically several 

nanometers) that is controllably brought very close (< 1 nm) to a conducting surface 

(Figure 3.2).  If a bias voltage (the potential difference between the tip and the surface, 

Ebias = Etip – Esurface) is applied between the two metal electrodes, electrons from the 

Fermi levels of the metals “tunnel” through the narrow gap.  Hence, a tunneling current 

flows between the tip and the surface.  The tunneling current is either from the surface to 

the tip or vice versa, depending on the bias voltage sign.44  In vacuum or insulating 
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dielectric, the current is exponentially dependent on the gap width (distance between the 

tip and the surface).  The exponential dependence of tunneling current (I) on distance (s) 

can be expressed by Equation 3.1, in which Ebias is the bias voltage, Φ represents the 

barrier height, and k is a constant.44  

            skEI bias  exp                                                                       (Equation 3.1) 

In order to generate the STM image, the sharp tip is raster scanned across a 

sample surface and the tunneling current between the tip and surface are detected and 

mapped.  For each x/y coordinate pair, third dimension z is the interaction of the tip and 

the surface (Figure 3.2).  Thus, z is the relative height of the sample surface and (x, y, z) 

points are recorded as one datum.44  The collection of data is then synthesized into a 3-

dimensional map of the surface known as the “STM image”.  

Figure 3.2. Schematic diagram of STM setup.
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STM can image a sample surface in either constant current or constant height 

mode.  In constant height mode, the tip remains in a constant distance from the sample, 

and the tunneling current varies depending on topography and local surface properties.45  

The tunneling current measured at each location constitutes the image.  The sample 

surface, however, must be relatively smooth in order for the system to acquire useful 

information in this mode.  

In constant current mode (Figure 3.3), a feedback loop is used to adjust the height 

of the tip in order to hold the tunneling current at a setpoint value (Figure 3.3 a).45  The 

scanner height measured at each location is then used to map the surface topography 

(Figure 3.3 b).  Because the feedback response requires time, constant current mode is 

typically slower than constant height mode.45  However, in our surface studies using 

STM, we needed topographic images to extract information such as the size of the 

features on the surface and the distance between the neighboring molecules in the 2-D 

networks.  Thus, we exclusively used constant current mode for imaging. 

In STM imaging, the tunneling current is used for imaging the surface.  Thus, 

both surface and tip need to be conductive for electron tunneling to occur.  Therefore, 

STM cannot be used on insulating materials and this is one of the significant limitations 

of STM.  The tunneling current depends exponentially on the gap width, so that a very 

small change of the surface height changes the current.  For example a variation of only 

0.1 nm results in an order of magnitude difference in the tunneling current, giving STM 

remarkably high precision.44-45   
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The small size of the probe tip is the key to the STM’s high resolution.  Therefore, 

atomically sharp tips, with only one metal atom at the apex of the tip are needed.  Using 

well-prepared sharp tips, (see APPENDIX B for STM tip fabrication) the lateral 

resolution of an STM imaging may reach 0.1 nm in x and y direction.44-45 

   

3.2.2 Nanofabrication using STM 

STM is not only an imaging tool but also a fabrication tool.2  STM can also be 

used for in non-imaging techniques, e.g., for manipulation or fabrication at the nano 

(atomic/ molecular) scale.46  In this approach, the STM tip can be used as a robotic arm 

accurately controlled by the piezoelectric actuators to modify/fabricate or manipulate 

features on the sample surface.47   

Figure 3.3. Schematic diagram of constant current mode STM. a) The scanner adjusts 
the height of the tip on top of the surface in order to hold the tunneling current at a 
setpoint value, b) a cross section of the surface topography. 
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One strategy is employing the tip as a nano-scale finger to rearrange nanometer-

scale objects on the sample surface.47  Controlling the interaction between the tip and 

objects is possible through employing electrostatic forces, Van der Waals forces or by 

pulsing the electrode potential.47  The manipulation can be performed in the same plane 

of the surface or out-of-plane and at right angles to the sample surface, e. g., the tip is 

attached to the end of a molecule interacting with molecules on the sample surface or 

pulling the molecules off the surface.48 

 

3.3 Electrochemical STM (EC-STM) 

The Electrochemical Scanning Tunneling Microscopy (EC-STM) is a 

combination of STM and surface electrochemistry techniques.  EC-STM is a powerful 

method for studying solid-liquid interfaces and is employed for imaging the bare or 

adsorbate-covered surface (substrate) structure in an electrolytic environment at a sub-

molecular level.  Therefore, EC-STM has become a prominent tool for in-situ 

investigation including the dynamics of adsorption, reactions and processes on the 

electrode surface under electrochemical potential control. 

The fundamentals of the EC-STM technique (Figure 3.4) are the same as for the 

conventional STM set up expect that it include a bipotentiostat that makes  EC-STM a 

four-electrode electrochemical system.  In this configuration, the crystalline substrate and 

the STM, are two independent working electrodes where the electrode potential of each is 
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set with respect to the reference electrode (RE) and can be controlled independently 

(Figure 3.4).  The fourth electrode in this configuration is the counter electrode. 

The STM electrochemical cell consists of an STM liquid cell mounted on top of a 

well-defined crystalline surface (substrate), which acts as a working electrode (WE), and 

two  wires that function as RE and CE, respectively.  The WE (the metal substrate) is 

often a noble metal crystal such as gold single crystal (Au(111), Au(100) or Au(110)), 

HOPG (highly oriented pyrolytic graphite) or thin metal films deposited on silicon or 

mica.  The best option for the RE is a Pt or Ag wire when the EC-STM is conducted in 

acidic or neutral electrolytes, respectively.  The CE can be a Pt wire with a large surface 

area to ensure that the half-reaction occurs fast enough so as not to limit the charge 

measurements processes at the working electrode. 

 

Figure 3.4. Schematic diagram of an EC-STM setup.
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Since the EC-STM is carried out in a conducting environment (electrolyte), 

electrochemical reactions can take place at the tip surface adding a faradic current to the 

tunneling current.  In order to obtain high resolution images and accurate measurements 

in EC-STM experiments, it is essential that the current due to tunneling between the tip 

and the substrate makes the dominant contribution to the measurement.  Thus, STM tip 

needs to be coated by an insulating material (polyethylene in our studies) with only a 

very small part of the tip, at the very sharpest point, outside of coating layer to minimize 

the contact area with the solution and consequently reducing the faradic current entering 

into the measuring system to values less than background noise which is about 5 pA (see 

APPENDIX B for STM tip insulation details).   

 

3.4 STM-Break junction (STM-BJ) 

An example of using STM in non-imaging techniques for nanofabrication is in 

constructing molecular wires using the STM based break junction (STM-BJ) technique.  

In a break junction experiment, an STM tip is repeatedly brought into contact with the 

electrode surface in the presence of a diluted molecular solution and then pulled off the 

surface while current−distance traces are recorded.  Molecules with anchoring groups 

providing efficient contact with the metal electrodes can be trapped between the tip and 

the surface during this process forming molecular junctions (Figure 3.5). 
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Figure 3.5. Schematic of formation of a single molecule junction in an STM-BJ 
experiment. a)  Schematic of the steps in the formation of a single molecule junction, b) 
current distance curve with correlated figures from the steps. 

  

Colliding the STM tip and the electrode surface (step 2 in Figure 3.5 a) causes the 

current to rise up to the maximum (saturated current) of the pre-amplifier (point 2 in 

Figure 3.5 b).  The displacement of two electrodes (the STM tip and the substrate) 

without molecules bridging between them gives rise to quasi exponentially decaying 

traces (Figure 3.6 a, red curves).  When a molecule is trapped in the junction and during 

the stretching of molecular junction, a current plateau or current step appears in the traces 

before the current drops (Figure 3.5 b).  To determine the conductance of single 

molecules, thousands of current-distance traces are recorded for statistical analysis and 

the current histogram is then constructed (Figure 3.6). The current maximum in the 
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histogram corresponds to the single molecule conductance (Figure 3.6 b) and usually is 

expressed as a function of the conductance quantum, Go (Go = 2e2/h and equals to 77500 

nS).  

 

Figure 3.6. Schematic diagram of EC-STM setup. a) Individual current-distance 
curves and steps attributed to the formation of single molecule junctions, b) an example 
of a current histogram with a current peak constructed with more than 1000 individual 
current-distance curves in a STM-BJ experiment of 1,6-hexanedithiol.  
 
  

A very common control experiment to investigate the molecular nature of the 

conductance peak is investigating the correlation between the current maxima and the 

bias voltage applied between the electrodes.  In the case of single molecule junctions, a 

quasi linear dependence is expected to be observed for the current maxima upon 

changing the bias based on Ohm’s law (V=IR, where V is the applied voltage in Volts, I 

is the current in amperes and R is the resistance in units of ohms).  The slope of the linear 

fitting yields molecular conductance that should be consistent with the conductance 

values from individual traces and histograms.   
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CHAPTER 4 

SUPRAMOLECULAR ASSEMBLY AND SINGLE MOLECULE 

CONDUCTIVITY OF MESITYLENE 

 

4.1 Introduction 

4.1.1 Conventional methods of fabricating single molecule junctions  

In designing molecular scale electronic devices, single molecule junctions usually 

are fabricated by wiring a single molecule between two metal electrodes via anchoring 

groups.7, 49-50  A variety of methods have been developed to fabricate metal-molecule-

metal junctions to evaluate conductivity at the single molecule scale including 

mechanically controlled break junctions (MCBJ), and scanning probe microscopy (SPM), 

i.e., scanning tunneling microscopy (STM).  Single molecule conductance (SMC) studies 

can be carried out in ultrahigh vacuum (UHV)51-55 or under ambient conditions.50, 56-60  

However, in most SMC studies, the focus is on molecules with functional groups that 

provide efficient electronic coupling and bind the organic molecular backbone to the 

metal electrodes.35 

SMC studies so far have revealed that anchoring groups and the molecular core 

structure are two important intrinsic properties controlling the conductivity of individual 

molecules.  The conductance is sensitive to the atomic level details of the molecule-

electrode contact 61 and the anchoring groups end up being resistive spacers between the 
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molecule and the metal, decreasing the single molecule junction conductivity.  Thus, 

anchoring groups play a critical role in the charge-transport properties of molecules and 

minimizing resistance introduced by these groups in order to create well-defined, highly 

conductive molecular junctions is a challenging experimental problem.37-38, 62-67 

In a break junction experiment, the STM tip is repeatedly brought into and out of 

contact with another electrode in presence of molecules while current-distance traces are 

recorded (see methods, 3.4, Figure 3.5).  The displacement of the two electrodes (the 

STM tip and the substrate) without molecules bridging between them gives rise to quasi 

exponentially decaying traces.  When molecules are trapped between the two electrodes 

via anchoring groups, a molecular junction can form and the current remains 

approximately constant even as the electrode-electrode distance increases so that a 

current plateau or step appears in the traces.  The current drops exponentially with 

distance when the junction breaks.  The histogram generated from the measured current-

distance curves contains peaks that can be ascribed to charge transport through single 

molecules.  Thus the conductance of single molecules can be determined.  However, 

creating molecular junctions using molecules without anchoring groups is a challenging 

experimental problem. 

4.1.2 A novel approach to fabricating single molecule junctions 

A novel strategy to fabricate single molecule junctions, that we recently 

demonstrated,68 can be utilizing the stabilization provided by long range ordered 

structures that fix the molecular geometry on the electrode.  The templates formed by the 
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ordered molecular adlayer immobilize the molecule on the electrode surface and facilitate 

conductance measurements of single molecule junctions with controlled molecular 

orientation.  This strategy enables the construction of orientation-controlled single 

molecule junctions, with molecules lacking proper anchoring groups that cannot be 

formed via conventional SMC methods. 

  

4.2 In situ STM study of Mesitylene 

4.2.1 Overview 

Mesitylene (1,3,5-trimethylbenzene, Figure 4.1) is a typical solvent for SMC 

measurements of other organic molecules due to its perceived inability to form molecular 

junctions.69-72  Methyl groups are not effective anchoring groups.73  Hence, the 

conductance of single mesitylene molecules has not been reported so far.  In this study, 

we exploit the formation of long range ordered structures of mesitylene as a novel 

strategy to investigate possibility of creating highly conductive Au/mesitylene/Au 

junctions by means of direct contact between the π system of mesitylene and the gold 

electrodes.  We show that mesitylene can form long range ordered structure on the 

surface with the aromatic ring lying flat on Au(111), facilitating the creation of junctions 

with the conductance perpendicular to the molecular plane of benzene ring (Figure 4.1) 

measured under ambient conditions.  
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Orientation-controlled conductance perpendicular to the aromatic ring by direct 

Au- π contact is important because by manipulating the geometry of mesitylene in the 

junction, the resistance of the conventional anchoring groups can be suppressed.  Hence, 

highly conductive Au/mesitylene/Au junctions can be achieved; and a new series of 

molecular junctions can be fabricated by “controlling” the orientation of the molecules in 

molecular junctions, something that has not been possible with conventional SMC 

methods.   

 

 

Figure 4.1. Schematic of single molecule junction formation and molecular structure 
of mesitylene. a) Single mesitylene junction formed by direct interaction of the Au 
electrodes to the aromatic ring so that the molecular plane is perpendicular to the junction 
axis, b) Molecular structure of mesitylene. 

 

4.2.2 Supramolecular assembly of mesitylene  

Scanning tunneling microscopy imaging was performed to explore the self-

assembled structures of mesitylene on a gold substrate.  A gold disk, presenting well-

defined Au(111) single crystal facets on which wide (~100 nm) terraces could be easily 
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found, was used as the substrate.  A few hundred L of mesitylene was added to cover 

the electrode and STM images were obtained under constant current mode using a 1 

μA/V pre-amplifier and mechanically cut gold tip.  Our high-resolution STM images 

show, for the first time, that mesitylene forms a long range ordered structure on Au(111) 

(Figure 4.2). 

 

Figure 4.2. STM images of mesitylene on Au(111). a) 20 X 20 nm2 and b) 6 X 6 nm2 
with superimposed mesitylene structure; Ebias = -0.10 V, It = 10 nA. 

 

A closer look at the STM images (Figure 4.3), as well as the corresponding cross 

sections and distance measurements between neighboring molecules (Figure 4.3), reveals 

that mesitylene lies flat via adsorption of the aromatic ring on the gold surface.   
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Figure 4.3. Detailed STM images and cross section analysis of mesitylene on Au(111). 
a) 14×14 nm2 STM images of mesitylene on Au(111), Ebias = -0.10 V and It = 10 nA,  b) 
cross section profile along the cut (green line) indicated in (a); measured distance for 10 
mesitylene molecules results in 7.5 Å as the distance between two neighboring 
mesitylene molecules, c) 5×5 nm2 zoomed in STM image and superimposed structure of 
mesitylene molecules and unit cell on closed pack structure, d) chemical structure and 
length of mesitylene molecule measured using ChemOffice 2006. 

 

Comparing the self-assembled monolayer (SAM) of mesitylene with other 

substituted benzene derivatives can help us to understand the forces leading to the 

formation of the long range ordered structure of mesitylene on the Au(111) surface.  

Benzene-1,3,5-tricarboxylic acid (trimesic acid) has a similar structure to mesitylene but 

has three carboxylic acid groups that are capable of hydrogen bonding with neighboring 
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molecules, resulting in SAMs with a variety of hexagonal porous (honeycomb) 

structures.  Considering the facts that methyl groups interact weakly with each other, and 

that mesitylene self-assembles into a closed packed structure on the Au(111) with almost 

the same level of contrast for all the molecules on the surface (Figure 4.2), we concluded 

that the dominant force for long range ordered structure formation is the 

substrate/molecule interaction between the gold surface and π-structure of mesitylene, not 

intermolecular interactions.   

 

4.3 Single molecule conductivity of mesitylene 

4.3.1 STM- break junction study of mesitylene 

The STM-break junction (STM-BJ) experiments were carried out in the presence 

of the long range ordered adlayer of mesitylene where the molecules lie flat on the 

Au(111) electrode and with the aromatic ring perpendicular to the Au tip (Figure 4.1).  

The displacement of the two electrodes (the STM tip and the substrate) without 

molecules bridging between them gives rise to quasi exponentially decaying traces 

(Figure 4.4 inset).  When a molecular junction forms, the current remains approximately 

constant even as the electrode-electrode distance increases so that a current plateau or 

step appears in the traces (Figure 4.4 inset).  The current drops exponentially with 

distance when the junction breaks.  

The histogram generated from the measured current-distance curves contains 

peaks that can be ascribed to charge transport through single molecules.  Thus, the 
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conductance of single molecules can be determined.  In STM break junction (STM-BJ) 

experiments, the STM tip is repeatedly brought into and out of contact with another 

electrode in the presence of molecules while current-distance traces are recorded.   

 

Figure 4.4. All-data point STM-BJ current histogram of mesitylene. All experiments 
were carried out at Ebias= -0.10 V without any data selection of 9086 individual current-
distance curves. Peaks ~ 0.1Go and Go are indicated by arrows, inset) individual current-
distance curves in STM-BJ mesitylene experiments: conductance in range of Go (type i, 
red), ~ 0.1Go (type ii, black), and conductance of ~ 0.1Go and Go (type iii, blue). 

 

Every time the STM tip is brought into contact with the Au surface, it punches 

through the monolayer in order to form single gold atom junctions.  According to the 
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STM images, we hypothesize that because of the molecule/surface interactions in the 

monolayer, the mesitylene molecules are held in place on the Au(111) and while the 

STM tip is pulling out of the surface, the most probable geometry of single molecule 

junctions is with the mesitylene molecule sandwiched between the two Au electrodes by 

direct contact to the π system.  This results in single molecule junctions with a 

reproducible geometry where the phenyl ring is perpendicular to the STM tip. 

For collecting individual distance-current curves, the tip was driven into full 

contact with the substrate and then retracted to form a junction and to break the contact at 

a sweep rate of 16 nm/s.  The process of forming and breaking of junctions was repeated 

many times and a large number of current-distance traces were recorded for statistical 

analysis.  

Table 4.1. STM-BJ experiments for forming and breaking of gold point contact in 
mesitylene indicated in Figure 4.5 (in range of 0-10000 nA and -0.10 V)  
exp Number of current-

distance curves 
Current peak 
by Gaussian fit 
(nA) 

Low conductance 
 
(×Go) 

Quantum 
conductance 
(×Go) 

a 1675 995 ± 16 0.128 0.999 
b 1783 957 ± 12 0.123 1.01 
c 1998 934 ± 11 0.120 1.01 
d 1753 1007 ± 13 0.130 1.01 
Averaged conductance 0.125 ± 0.002 1.007 ± 0.002

 

  

STM-BJ experiments of mesitylene with Au electrodes (in the range of 0-10000 

nA and at a bias of -0.10 V), revealed two peaks in the corresponding histogram (Figure 

4.4): (i) The peak of quantum conductance, (Go = 2e2/h= 7.75×10-5 S)33 due to repeated 

forming and breaking of gold point contacts; (ii) Another peak with a conductance one 
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order of magnitude lower (~ 0.1Go), which is associated with the conductivity with 

mesitylene in junctions.  

Repeated experiments in mesitylene reproduced the 0.1Go peak with an average 

value of 0.125Go (± 0.006) as well as the Go peak (Table 4.1 and Figure 4.5). 

 

Figure 4.5. All-data point STM-BJ current histogram of mesitylene in repeated 
experiments. a-d) experiments of table 4.1, Ebias= -0.10 V. 

 

Before attributing the 0.125 Go conductance to any single molecule junction 

structure, one may note that: (1) The conductivity of the benzene derivatives with 

standard anchoring groups (e. g. –NH2 and S) reported so far are mostly in the range of 
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0.001- 0.01Go 35, 74-75 and (2) the methyl group is known as a poor anchoring group for 

gold electrodes.73, 76  Thus, the structure of molecular junctions with conductivity in the 

range of ~ 0.1Go cannot be attributed to a mesitylene molecule bridging between gold 

electrodes via gold-methyl contacts (unless these have remarkably LOW contact 

resistance).  Instead, we tentatively assign this high conductance signature to the 

conductance of Au/mesitylene/Au junction, with the STM tip perpendicular the 

mesitylene phenyl ring.  This hypothesis is supported by theoretical calculations, which 

estimate that the conductance in the π-stack direction for a single benzene ring placed 

between two Au electrodes is about 10 µS (0.13Go).77  This value is very close to the 

average value of 0.125Go (± 0.006) observed in our data.  Since methyl groups have a 

lesser perturbing effect on the electronic structure of the aromatic ring, compared to other 

functional groups except H, we expect that the measured conductivity perpendicular to 

the molecular plane of the aromatic ring of mesitylene should be very close to that of 

benzene.  In consequence, we assigned the ~ 0.1Go peak (Figure 4.4) to the conductivity 

of Au/mesitylene/Au junctions with the aromatic ring perpendicular to the junction axis 

(Figure 4.1).   

The STM-BJ technique has also been employed previously to measure the single-

molecule conductance of multiple π-π stacked aromatic rings, revealing an exponential 

decay of the conductance with an increasing number of stacked benzene rings.39  It has 

been reported that the junction is formed due to contacts between the gold electrodes and 

the outer benzene rings of 2,3, and 4 π-stacked molecules,39  resulting in a measured 

conductivity in the range of 10-2 Go, 10-3 Go and 10-4 Go, respectively.39   This leads us to 
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the estimation, assuming a linear trend for conductivity vs. number of π-stacks, of 

conductivity in the range of 10-1 Go for an Au/aromatic ring/Au junction.  Thus, both 

theory and experiments are consistent with the 0.125Go (± 0.006) conductance observed 

for a single aromatic ring perpendicular to the molecular plane for mesitylene molecule. 

In order to investigate the hypothesis that the long range ordered structure of 

mesitylene facilitates the formation of junctions with the aromatic ring perpendicular to 

the STM tip, a temperature dependant control experiment was designed.  A mesitylene 

solution was initially heated up to 90°C, and applied to cover the surface of the crystal.  

Then both STM imaging and STM-BJ experiments were conducted at the 

mesitylene/Au(111) interface.  We hypothesized that it is unlikely for mesitylene to form 

long range ordered structures on Au(111) surface at temperatures higher than room 

temperature due to higher mobility of mesitylene molecules on the surface.  In fact, no 

long range ordered structure was observed by STM (Figure 4.6 a) comparing to 

mesitylene at room temperature (Figure 4.6 b).  Consequently, no dominant molecular 

conductance peak in range of 0.1 Go (Figure 4.6c) was observed.  As the mesitylene 

cooled down to room temperature a clear molecular conductance peak near 0.1 Go was 

observable (Figure 4.6 d), most likely because mesitylene began to form long range 

ordered structures.  
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Figure 4.6. STM-BJ of mesitylene in different temperatures. a) STM image (50×50 
nm2) of mesitylene on Au(111) at room temperature, b) STM image (50×50 nm2) of 
mesitylene on Au(111) heated up to 90 °C, Ebias = -0.10 V and It = 10 nA. c) All-data 
point current histogram of 2033 current distance curves at Ebias= -0.10 V collected 
immediately after installing the STM cell containing mesitylene heated up to 90 °C , d) 
2003 curves collected 3 hours after experiments that generated data in c. 

 

The STM images of the mesitylene monolayer on the Au(111) surface after the 

STM-BJ experiment support the hypothesis of formation of sandwiched mesitylene 

junctions (Figure 4.7).  There are two kinds of defects in the mesitylene monolayer in the 
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STM images: defects with a size of several mesitylene molecules (Figure 4.7 a) and 

defects with the size of only one mesitylene molecule (Figure 4.7 b).  These defects most 

likely formed when the gold tip punched through the molecular monolayer.  If the very 

sharp STM tip gently punches through the monolayer but does not form a single gold 

atom contact, defects one or two mesitylene molecules (Figure 4.7 b) in size will be 

formed in the monolayer.  When the STM tip is pulled off the surface a single mesitylene 

traps in the junction, the most probable geometry for the mesitylene in the junction is 

with the aromatic ring perpendicular to the STM tip (Figure 4.1). 

 

Figure 4.7. STM images of mesitylene on Au(111) surface after running STM-BJ 
experiment.  a) 30x30  nm2, b) 20x20  nm2, Ebias= -0.10 V , It= 10 nA. 

 

A closer look at the individual current-distance curves (Figure 4.8) shows that 

there are three types of curves: (i) those having high conductance current steps with 
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conductivity in the range of Go; (ii) those having low conductance current type with 

conductivity in the range of 0.1Go and (iii) those having both features, i.e., ~ 0.1Go and 

Go; We suggest that type (i) current steps (Figure 4.8) are due to a single gold atom 

bridging between two gold electrodes (Go) when the STM tip lands on the bare gold 

surface in defective parts of the monolayer (Figure 4.7 a).  In addition, it is possible that 

mesitylene molecules bridge the gold electrodes with a perpendicular geometry before 

the gold contact is broken.  This phenomenon could be responsible for current-distance 

curves of type (iii) where both molecular and atomic junctions simultaneously exist. 

 

Figure 4.8. Individual current-distance curves in STM-BJ mesitylene experiments. 
(i) high conductance in range of Go, (ii) low conductance (LC) in range of 0.1Go and (iii) 
both LC and Go.  

 

Current histogram analysis of STM-BJ experiments of mesitylene with Au 

electrodes (Figure 4.5) reveals presence of a high current shoulder on the quantum 

conductance peak (Go).  These observations suggest that the formation of a self-

assembled monolayer on the Au electrode increases the conductivity of the surface 
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beyond the single gold atom conductance (Go) due to the simultaneous formation of 

single mesitylene and single gold atom junctions (current-distance curves of type (iii)) 

resulting combined atomic and molecular conductance in parallel (~ 0.1Go + Go) 

 

 

Figure 4.9. Current histogram analysis of mesitylene conductance determined from 
STM-BJ carried out at different bias voltage (Ebias).  a) -0.05 V, b) -0.20 V, c) -0.3 V, 
d) linear fitting of current vs. bias diagram; Peaks for mesitylene and quantum 
conductance are indicated by red and blue arrows respectively. 

 

In order to confirm the reproducibility of the mesitylene conductance peak, and to 

verify that it actually represented the signature of molecular conductance, we investigated 
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the current-bias relationship for this mesitylene conductance feature. When we varied the 

bias voltage (Ebias) to different values (0.05 V, 0.1 V, 0.2 V, 0.3 V) in SMC experiments, 

the current maximum in histograms increases proportionally to Ebias, showing a quasi-

linear bias dependence, i.e., the molecular junction conductance remains relatively 

constant in this narrow bias range (Figure 4.9). 

 

4.3.2 STM- break junction study of other benzene derivative solvents 

In order to investigate the origin of the 0.1Go peak, we conducted a series of 

STM-BJ experiments using other benzene derivative solvents (1,2,4- trichlorobenzene, 

toluene and benzene) for comparison, as well as one experiment without solvent (in air) 

as a control (Figure 4.10).  In the STM-BJ experiments in air, there is no organic solvent; 

hence it is not surprising that no molecular junction formed during the displacement of 

the STM tip.  The histogram of measurements in air shows a clear Go peak (Figure 4.10 

a).  In the range of 100-1000 nA there are several tiny peaks but none of them can be 

considered as a dominant or a clear peak (Figure 4.10 a) such as is observed for 

mesitylene (Figure 4.4).  These tiny peaks might be attributed to the formation of 

junctions due to possible molecular contaminations on the surface that trap between the 

electrodes.  

1,2,4-trichlorobenzene and toluene and are typical organic solvents that are 

widely used for SMC measurements because these molecules lack strong anchoring 

groups that would otherwise result in interfering peaks for conductivity measurements of 
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other organic molecules.73, 78-80 STM-BJ experiments in 1,2,4-trichlorobenzene (Figure 

4.10 b) and toluene (Figure 4.10 c) did not reveal a well-defined current peak that could 

be associated with a molecular feature.  The conductance histogram of benzene shows a 

clear Go peak but does not show any dominant molecular conductance peak (Figure S3a), 

which can be rationalized as a consequence of benzene not having any anchoring groups 

to connect to gold electrode. Molecular conductance peaks were not observed for 

benzene in previous studies when using gold electrodes either, even under UHV and low 

temperature.37  It was speculated that benzene molecules had difficulty bridging between 

the Au electrodes as the nano gap formed immediately after breaking the gold contacts 

was too large.37 

Figure 4.10. All-data point current histogram of STM-BJ carried out at different 
solvents. a) air, b) 1,2,4-trichlorobenzene, c) toluene, and d) benzene, Ebias= -0.10 V. 
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These observations could be rationalized as a result of the fact that neither 1,2,4-

trichlorobenzene nor toluene form stable molecular junctions with gold electrodes due to 

the absence of effective anchoring groups.  However, it is possible that “unstable” 

molecular junctions were formed in 1,2,4-trichlorobenzene and toluene, which are caused 

by random adsorption of these aromatic molecules between the tip and substrate.  Also 

the structure of the molecule-electrode contacts is not reproducible due to lack of 

sufficient binding with anchoring groups which gives rise to several small peaks with 

similar probabilities.   

The hypothesis is well supported by comparison of STM images of the Au(111) 

surface in mesitylene, 1,2,4-trichlorobenzene and toluene (Figure 4.11).  Only mesitylene 

was observed to form long range ordered structures on the Au(111) surface, featuring 

large domains of almost defect free closed pack structures (Figure 4.2). 

 

Figure 4.11. STM images of  Au(111) in different solvents. 50×50 nm2 STM images of 
Au(111) surface in a) mesitylene, b) 1,2,4-trichlorobenzene, and c) benzene, Ebias = -0.10 
V and It = 10 nA. 
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4.4 Summary and conclusions 

In summary, a new strategy, using a combination of Scanning Tunneling 

Microscopy (STM) imaging and STM break junction (STM-BJ) techniques, is introduced 

that exploits molecular assembly of mesitylene to create highly conductive molecular 

junctions with a well-defined geometry perpendicular to the tip. We showed that the 

existence of long range ordered structures of mesitylene on Au(111) favors the formation 

of metal-molecule-metal junctions.  Molecules held in place by the self-assembled 

structure can be sandwiched in between the STM tip and the substrate even when 

standard anchoring groups are absent.  Thus, junctions are formed via direct contact 

between Au and the π system of mesitylene. The STM images, showing long range 

ordered structure, support the hypothesis that mesitylene is initially adsorbed on the 

Au(111) with its molecular plane perpendicular to the Au tip.  Reproducible fabrication 

of Au/mesitylene/Au junctions results in a molecular conductance peak for mesitylene. 

The measured single molecule conductance of the sandwiched Au/π/Au junctions is 

0.125Go (± 0.006), consistent with theoretical calculations and two orders of magnitude 

higher than the measured conductance of a phenyl ring connected via standard anchoring 

groups.35, 74-75   We attribute this conductance peak to charge transport perpendicular to 

the aromatic ring of the mesitylene molecule.  
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CHAPTER 5 

ELECTROCHEMICAL SINGLE MOLECULE SWITCH 

 

5.1 Introduction 

5.1.1 Designing single molecule switches 

Single molecules have the potential to operate as electrical components to 

dramatically reduce the size of electronic devices.6  The ultimate goal in molecular 

electronics is designing functional molecular-scale, electronic components such as 

rectifiers6, switches8 and conductors.7   Typically, in designing molecular devices, 

changes in the structure of the molecular units or networks are used (directly or 

indirectly) to alter the electrical conductance or optical properties of the systems.22, 81-83  

For example, molecular switches can be triggered by an external chemical stimulus to 

induce changes in the single molecule conductivity resulting in a physical response.  

Since the conductance is sensitive to the atomic level details of the molecule electrode 

contact,58, 60 one possible strategy to fabricate molecular switches can be employing an 

external stimulus to manipulate the geometry of the single molecule in the junction.  

In chapter 4 we discussed formation of single molecule junctions with benzene 

derivatives where direct coupling between the  system of benzene ring and the gold 

STM tip happens in planar orientation resulting in the charge transport perpendicular to 

the benzene ring.68  This conductance is 100 times larger than conductance of single 

molecule junctions formed with conventional linkers such as thiols and amines.75, 68  

Thus, we hypothesize that a molecule that can be attached to the electrodes in one 
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geometry with planar orientation and in another geometry with anchoring group can be a 

potential candidate for designing a single molecule switch.  The next step in this 

designing process of a single molecule switch is finding the external parameter to 

controllably change the single molecule geometry between the two electrodes providing 

the high and low conductance with a high ration. 

 

5.1.2 Alternating single molecule conductance in the junction  

In this study, we demonstrate a strategy to utilize potential induced self-assembly 

formation of a benzene carboxylic acid derivative to design an on/off conductance single 

molecule switch using a combination of Scanning Tunneling Microscopy (STM) imaging 

and STM break junction (STM-BJ) techniques in an electrochemical environment.  

Terephthalic acid  forms large domains of ordered structure on negatively charged 

Au(111) under negative electrochemical surface potentials with the benzene ring lying 

flat on the surface due to hydrogen bonding between carboxylic acid groups of 

neighboring molecules.84  The templates formed by the ordered molecular adlayer 

facilitate the formation of single molecule junctions by means of direct contact between 

the π system of the benzene ring and the gold electrodes resulting in a conductance 

perpendicular to the benzene ring.68  On positively charged Au(111) deprotonation of 

carboxylic acid groups occurs.23  As deprotonated carboxylic acid groups are not 

available to form hydrogen bonding,24  the lack of intramolecular interactions results in 

an absence of long range ordered structure of molecules with planar orientation.24  In this 



 

65 
 

case alternating the sample potential from negative to positive charge densities induces a 

transition in the adlayer structure on the surface consequently switching the single 

molecule geometry in the junction.  Hence, electrochemical surface can, in principle, be 

employed as an external stimulus to switch single molecule arrangement on the surface 

and the conductance in the junction.  

  

5.2 Fabricating electrochemical single molecule switch 

5.2.1 Overview 

For fabricating an electrochemical single molecule switch we need a benzene 

carboxylic acid derivative to perform combined EC-STM imaging and STM-BJ 

measurements under electrochemical potential control (EC-STM-BJ).  Terephthalic acid 

(TPA, Figure 5.1 a) is physisorbed on Au (111) single crystal electrode surfaces at 

negative electrochemical potentials with the benzene ring parallel to the surface.84  Under 

positive electrochemical potentials, deprotonated carboxyl groups (COO-) are not 

available for hydrogen bonding.24  By operating STM-BJ experiments under 

electrochemical potential control, we measured the conductance versus the electrode 

potential, with and without long range ordered structure of TPA on Au(111) electrode, at 

negative and positive  electrochemical surface potentials, respectively (Figure 5.1 b).  In 

the presence of the long range ordered structure of TPA with planar molecular 

orientation, single molecule junctions are formed by the direct Au-π contact and are 
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expected to have conductance around one tenth of conductance value, Go (Go=2e2/h, 

where e is the electron charge and h is Planck’s constant33), based on discussions in 

chapter 4 and the measured conductance perpendicular to the benzene ring in mesitylene 

molecule.68  In the absence of ordered structure, formation of single molecule junctions 

with direct Au-π contact is unlikely or happens with very low probability.68  The 

technique described here offers a new method for fabricating a single molecule switch 

with significantly high on/off ratio (Figure 5.1 b). 

 

 
Figure 5.1. Schematic of terephthalic acid molecular structure and junction 
formation for conductance measurements. a) Molecular structure of terephthalic acid 
(TPA), b) Schematic of single TPA junction formed by alternating the electrochemical 
surface potentials to negative and positive potentials. 
 

 
5.2.2 EC-STM imaging of terephthalic acid on a charged Au(111) substrate 

Running STM experiments in an electrochemical environment enables us to use 

the surface potential as a stimulus to control the adsorption of terephthalic acid (TPA) 

molecules (Figure 5.1a) on Au(111) electrode.   
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Figure 5.2. EC-STM images of terephthalic acid on charged Au(111). 100×100 nm2 
STM images of TPA on a) negatively charged Au(111) electrode (Esurface = -0.10 VSCE), 
b) positively charged Au(111) electrode (Esurface = +0.75 VSCE). It= 0.08 nA, Etip = 0.00 
VSCE 

 
A gold crystal disk, presenting well-defined Au(111) single crystal facets, was 

used as the electrode (substrate).   The TPA monolayer on the Au(111) surface was 

prepared by adding 1 mM of the TPA in 0.05 M H2SO4 solution to cover the gold crystal 

surface under electrochemical potential control at room temperature. STM images were 

obtained with a PicoScan STM system (Molecular Imaging).  The PicoStat bipotentiostat 

(Molecular Imaging) was used to control the surface and tip potential independently.  

Esurface and Etip are the potentials of the gold crystal disk and STM tip, respectively, 

adjusted versus the reference electrode. Two pieces of platinum wire were used as a 

quasi-reference electrode and counter electrode.  An electrochemically etched tungsten 

tip with a layer of polyethylene for insulating the tip from the faradic current was used for 
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STM imaging. For STM imaging a 1 nA/V pre-amplifier was employed and for STM 

break junction measurements a 1 μA/V pre-amplifier was used. 

The large scale STM image (Figure 5.2) shows that at a negatively charged 

Au(111) surface (Esurface = -0.10 VSCE), adsorbed TPA molecules form a long range 

ordered monolayer along with gold reconstruction lines observable under the monolayer 

(Figure 5.2 a).  No long range ordered structure observed on the positively charged 

(Esurface = +0.75 VSCE) Au(111) surface (Figure 5.2 b). 

   

  
Figure 5.3. Detailed EC-STM image and cross section nalysis of terephthalic acid on 
charged Au(111).  a) 10×10 nm2 STM image of TPA on Au(111), Esurface = -0.10 VSCE, 
It= 0.08 nA, Etip = 0.00 VSCE, b) cross section profile along green line indicated in (a), c) 
cross section profile along the red line indicated in (a); d) chemical structure and length 
of TPA molecule measured using Chemdraw. 
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A closer look at the STM images of TPA monolayer on the negatively charged 

(Esurface = -0.10 VSCE) Au(111) surface (Figure 5.3 a), as well as the corresponding cross 

sections and distance measurements between neighboring molecules (Figure 5.3 b and c), 

reveals that TPA molecules lie flat with the benzene ring on the gold surface.  Cross 

section analysis determines the distance between the neighboring molecules in the long 

range ordered structures formed in two different directions (green and red line in Figure 

5.3 a).  The distance between neighboring molecules adsorbed on the negatively charged 

Au(111) substrate (Figure 5.3 b), measured from the cross section of the ordered structure 

(green line in Figure 5.3 a ), is about 7.5 Å (Figure 5.3 b).  This value is consistent with 

the determined length of TPA using Chemdraw (Figure 5.3 d) and also the value reported 

in the literature.24  The distance between neighboring molecules in the direction …, 

measured from the cross section of the ordered structure (red line in Figure 5.3 a), is 

about 5.5 Å (Figure 5.3 c) that is consistent with the determined width of benzene ring 

using Chemdraw.  These measurements suggest that TPA molecules orient flat with the 

benzene ring parallel to the Au(111) surface likely due to hydrogen bonding between 

carboxylic acid groups of neighboring TPA molecules.24  

  

5.2.3 EC-STM-Break junction measurements of terephthalic acid on a charged 

Au(111) substrate 

The conductance of single TPA molecules was determined using the repeated 

formation of molecular junctions using the STM-JBJ technique. Conductance histograms 
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were generated from many individual current-distance measurements.  Specifically, 

single molecule junctions were formed by repeatedly bringing the mechanically cut, 

polyethylene coated Au STM tip into contact with the electrified Au(111) electrode under 

electrochemical potential control.  Conductance histograms generated, without any data 

selection (Figure 5.4), indicate a clear peak at a conductance value of Go for negative and 

positive electrode potentials.   

 

 
Figure 5.4. All-data point EC-STM-BJ current histograms of ofterephthalic acid. 
Experiments were carried out at a) Esurface = -0.10 VSCE and Ebias= -0.10 V without any 
data selection of 9998 individual current-distance curves, b) Esurface = +0.70 VSCE and 
Ebias= -0.10 V without any data selection of 7609 individual current-distance curves. 

 
 

The conductance peak at 0.2 Go (Figure 5.4 a) disappears by changing electrode 

potential toward positive potential (Figure 5.4 b).  In chapter 4 we discussed the 

formation of junctions with the plane of the benzene ring perpendicular to the junction 

axis  characterized by a conductance about one-tenth of the quantum of conductance Go,
68

 

that is significantly higher than that achieved with molecules in an upright orientation in 
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the junction (refer to figures).38  This conductance is about 100 times larger than the 

conductance of single molecule junctions formed with conventional linkers such as thiols 

and amines.35, 74-75  The high conductance we observe suggests strongly that direct 

coupling between the  system of benzene ring and the gold STM tip happens with the 

molecule in a planar orientation resulting in charge transport perpendicular to the benzene 

ring.68 

 

5.3 Summary and conclusions 

We demonstrate a powerful method to design an electrochemical single molecule 

switch with on and off conductance states by employing the electrode potential under 

electrochemical environment to control the geometry of the single molecule in the 

junction  We measured the conductance at two surface potentials: a negatively charged 

surface that provides a long range ordered structure of benzene ring lying flat on the 

substrate and perpendicular to the STM tip axis (planar) versus positively charged surface 

that the planar structure vanished.  The single molecule junction formation happens only 

at negative potentials with planar molecular orientation having a conductance 

significantly higher comparing to other single molecule junctions formed via 

conventional methods and benzene derivatives.35, 74-75 At positive surface potentials, the 

lack of ordered structure leads to unlikelihood of single molecule junction formation and 

therefore can be considered the “off” conductance state.  The approach described here 

offers a new method for designing single molecule switches with “on” and “off” 
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conductance states.  In this method the surface electrochemical potential is used as the 

external trigger to controllably tune the single molecule orientation between the two 

electrodes.  The versatility of using surface electrochemical potential as the trigger and 

the relatively high on/off conductance ratio makes this a promising strategy for designing 

functional single molecule switches. 
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CHAPTER 6 

ANISOTROPIC CONDUCTIVITY OF BENZENE CARBOXYLIC ACIDS 

 

6.1 Introduction 

6.1.1 Anisotropic conductivity at molecular scale 

In designing functional molecular scale electronic devices such as rectifiers6, 

switches8 and conductors,7 the first step in a bottom-up fabrication approach is to study 

the electrical properties of single molecules at the junctions between two metal 

electrodes.85  Single molecule junctions usually are fabricated by wiring a molecule 

between two metal electrodes via anchoring groups5, 86  such as thiols73 and amines87 that 

provide efficient electronic coupling between the metal electrodes and the molecular 

core.  The contact between the single molecule and the electrodes must be robust, 

reproducible and able to provide sufficient electronic coupling between the molecule and 

the electrodes so that the junction is stable and has a low contact resistance.88  In such 

single molecule conductivity (SMC) measurements, charge transport is measured 

between two anchoring groups.  The anchoring groups themselves add to the molecular 

junction resistance, decreasing the single molecule conductance.58, 60  Such conventional 

techniques enable accessing charge transport along only one direction, i.e., between two 

anchoring groups.  However, molecules are typically anisotropic objects and an 

orientation-dependent conductance in the junction should be expected.68  In order to 

access the conductance anisotropy, we need to control the contact geometry of single 

molecule in the junction and measure the conductance in different, well-controlled 
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orientations.68  Hence we need a method to fabricate single molecule junctions with well-

defined geometry and controllably change the orientation of the molecule in the junction 

in order to have access to the anisotropic conductivity of the molecule. 

 

6.1.2 Fabricating orientation controlled single molecule junctions 

Our previous study in measuring charge transport perpendicular to the aromatic 

ring of a benzene derivative revealed that junctions formed via direct contact between the 

gold electrodes and the π system of benzene, resulted in a molecular conductance two 

orders of magnitude higher than the measured conductance of a benzene ring connected 

via standard anchoring groups.68  These observations lead to the hypothesis that for any 

benzene derivative, an orientation-dependent conductance in the junction due to the 

contact geometry (i.e. electrode-anchoring groups versus direct electrode-π contact) 

should be expected.  

Figure 6.1. Schematic of molecular structures and junctions formation for 
conductance anisotropy measurements. a) Molecular structure of the benzene 
carboxylic acids investigated in this study. b) Schematic of a single TMA junction formed 
by direct interaction of the Au electrodes to the aromatic ring (planar) and carboxylic 
acids (upright). 
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Our strategy in fabricating molecular junctions to study anisotropic conductivity 

is to employ the electrochemical potential of the electrode in the electrochemical 

scanning tunneling microscopy (EC-STM) setup to control the orientation of the single 

molecules in the junction.  The electrochemical STM  imaging89 can be combined with 

STM-Break junction 33, 90 technique  (EC-STM-BJ) to fabricate molecular junctions with 

a series of benzene carboxylic acids  (Figure 6.1 a).  Using the EC-STM-BJ set up, we are 

able to investigate the anisotropic conductivity of the benzene rings with carboxylic acid 

functional groups, by making measurements in two orientations of the benzene ring with 

respect to the gold electrodes (Figure 6.1 b).   Physisorption of these species on the Au 

(111) single crystal electrode surface at negative electrochemical potentials (or negative 

charge densities) results in a 2-D supramolecular structure with the benzene ring in a 

planar orientation.24  Positive electrochemical potentials (positive charge densities) cause 

an orientation change from planar to standing upright due to coordination of a 

deprotonated carboxyl groups to the positively charged electrode surface.24  Hence, the 

conductance can be measured in two orientations: one with the benzene ring bridging 

between two electrodes using carboxylic acids as anchoring groups (upright); and one 

with the molecule lying flat on the substrate perpendicular to the STM tip (planar) 

(Figure 6.1 b). 
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6.2 Anisotropic conductivity of benzene carboxylic acids 

6.2.1 Overview 

In this study three benzene carboxylic acid derivatives including terephthalic acid 

(TPA), trimesic acid (TMA) and pyromellitic acid (PMA) containing two, three and four 

carboxylic groups (COOH) respectively (Figure 6.1a), were used to conduct combined 

EC-STM imaging and STM-BJ under electrochemical potential control (EC-STM-BJ).  

TMA and TPA (Figure 6.1a) are physisorbed on the Au (111) single crystal electrode 

surface at negative electrochemical potentials with the benzene ring in a planar 

orientation.24  Under positive electrochemical potentials, deprotonated carboxyl groups 

(COO-) attach to the positively charged Au(111) substrate, resulting in molecules that 

stand upright.24  By running the STM-BJ under electrochemical potential control, we 

measured the conductance in two orientations: one with the benzene ring bridging 

between two electrodes using carboxylic acids as anchoring groups (upright); and one 

with the molecule lying flat on the substrate perpendicular to the STM tip (planar).  The 

junctions with planar molecular orientations have conductances significantly higher (by a 

factor of up to 1000) than junctions with molecules in an upright geometry.68  This offers 

a new method for determining anisotropic conductivity at single molecule scale. 
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6.2.2 Single molecule conductivity of trimesic acid 

6.2.2.1 EC-STM imaging of trimesic acid on a charged Au(111) substrate 

Running STM experiments in an electrochemical environment enables us to use 

the surface potential as an extra controlling parameter to provide a negatively charged 

Au(111) surface to facilitate the adsorption of trimesic acid (TMA) molecules (Figure 

6.1a).  A gold crystal disk, presenting well-defined Au(111) single crystal facets, was 

used as the electrode (substrate).  The TMA monolayer on the Au(111) surface was 

prepared by adding 1 mM of the TMA in 0.05 M H2SO4 solution to cover the gold crystal 

surface under electrochemical potential control at room temperature.  STM images were 

obtained with a PicoScan STM system (Molecular Imaging).  The PicoStat bipotentiostat 

(Molecular Imaging) was used to control the surface and tip potential independently.  

Two pieces of platinum wire were used as a quasi-reference electrode and counter 

electrode, respectively. An electrochemically etched tungsten tip, coated with a layer of 

polyethylene to insulating the tip from faradic current generating processes, was used for 

STM imaging. 

Comparing STM images of the ordered structure of TMA for negative and 

positive electrode potentials (Figure 6.2) reveals that the adsorbed molecules are oriented 

differently in each case.  The STM image of the negatively charged (Esurface = -0.10 VSCE) 

Au(111) electrode (Figure 6.2) contains a hexagonal pattern of TMA molecules that are 

physisorbed on the gold electrode surface and form long range ordered structure due to 
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intermolecular hydrogen bonds between COOH groups.23  At the positively charged 

Au(111) electrode (Esurface = +0.75 VSCE), striped patterns of TMA molecules (Figure 6.2 

b) indicate an orientation change due to major changes in the substrate-adsorbate 

interactions.  Deprotonation of COOH groups on positively charged gold electrode causes 

coordination of COO- groups to the substrate and upright orientation for the chemisorbed 

TMA molecules.23-24  

 

 

Figure 6.2. STM images of trimesic acid on charged Au(111). 20×20 nm2 STM images 
of TMA on a) negatively charged Au(111) electrode (Esurface = -0.10 VSCE) indicating 
planar structure of the benzene ring; b) positively charged Au(111) electrode (Esurface = 
+0.75 VSCE) suggestive of an upright structure of the benzene ring. (It= 0.08 nA, Etip = 
0.00 VSCE) 

 

 
Cross section analysis suggests that the distance between the neighboring 

molecules in the long range ordered structures formed at positive and negative potentials 
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is different (Figure 6.3).  The distance between maxima, tentatively assigned to 

neighboring molecules adsorbed on the negatively charged Au(111) substrate (Figure 6.3 

a), measured from the cross section of the ordered structure (blue line in Figure 6.3 a ), is 

about 8 Å (Figure 6.3 b).  This value is consistent with the characteristic end to end 

length of TMA reported in the literature23 suggesting that TMA molecules orient with the 

benzene ring parallel to the Au(111) surface.23   

 

Figure 6.3. Detailed STM images and cross section analysis of trimesic acid on 
Au(111). a) 10×10 nm2 STM images of TMA on a negatively charged (Esurface = -0.10 
VSCE) Au(111) electrode, b) cross section of the ordered structure in direction denoted by 
the blue line in image a, c) 10×10 nm2 STM images of TMA on a positively charged 
(Esurface = +0.75 VSCE) Au(111) electrode, d) cross section of the ordered structure in 
direction denoted by the blue line in image c. It= 0.08 nA, Etip = 0.00 VSCE 



 

80 
 

STM images of the positively charged Au(111) substrate (Figure 6.3 c), are 

characterized by identically aligned bright dots separated by about 3.5 Å (Figure 6.3 d) 

measured from the cross section of the ordered structure (blue line in Figure 6.3 c ) 

consistent with the reported upright structure of TMA molecules.23  These paired bright 

dots are upright oriented dimer of TMA molecules with the parallel benzene rings.23    

 

6.2.2.2 Anisotropic conductivity of trimesic acid 

Single molecule TMA junctions are formed by repeatedly bringing the 

mechanically cut Au, polyethylene coated STM tip into contact with the electrified 

Au(111) electrode at the presence of the monolayer.  Repeated EC-STM-BJ 

measurements give a statistical assessment of the junction conductance.  Conductance 

histograms generated without any data selection from about 10,000 measurements 

(Figure 6.4), indicate a clear peak at a conductance value of Go=2e2/h (where e is the 

electron charge and h is Planck’s constant)33, 90 at negative and positive potentials.  The 

conductance peak of 0.14 Go (Figure 6.3a) disappears by changing electrode potential 

toward positive potentials (Figure 6.3b).  In chapter 4 we discussed the formation of 

junctions with of the benzene ring perpendicular to the junction axis showing a 

conductance about one-tenth of the quantum of conductance Go,
68

 that is significantly 

higher than that achieved with upright orientation.38  The 0.14 Go conductance is about 

100 times larger than the conductance of single molecule junctions formed with 
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conventional linkers such as thiols and amines.75  Compared to the single molecule 

conductance of mesitylene with the benzene ring perpendicular to the STM tip,68 the high 

conductance we observe in the STM-BJ experiments of TMA, suggests strongly that 

direct coupling between the  system of the benzene ring and the gold STM tip happens 

in the planar orientation of TMA resulting in the charge transport perpendicular to the 

benzene ring.  

Direct electrode-π interactions have been investigated in several studies35, 67 

including building symmetric metal−benzene−metal junctions at low temperature37-38 as 

well as molecular junctions of C60
52 and stacked oligomers of paracyclophane at room 

temperature.91  Meisner et al. have experimentally revealed a mechanically weak, yet 

electronically coupled, Au−π interaction enabling them to quantify charge transport 

properties through the single molecular junctions built by a series of oligoene molecular 

wires with direct Au-π system of the benzene ring interactions.92  They showed that the 

electron transport mechanism is affected by the nature of the benzene–electrode coupling 

and is strengthened by introducing a second linker at the meta position that stabilizes this 

interaction by securing the terminal benzene to the electrode surface.92  Diez-Perez et al. 

have investigated the lateral coupling and conductance of pentaphenylene molecule 

bridged between two gold electrodes.  The conductance changes by an order of 

magnitude when the orientation of the molecule in the junction changes from highly tilted 

state to nearly perpendicular to the electrodes.91  In addition, study of single molecule 

conductivity of paracyclophanes by Schneebeli et al. indicates that the charge transport is 
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through the π system and has a component along the molecular axis perpendicular to the 

benzene rings, which lengthens as the number of stacked benzene units is increased.  

Thus the gold electrodes can couple to the π system due to the ability to bind to the 

outermost benzene rings of the paracyclophanes.39  

 

Figure 6.4. All-data point EC-STM-BJ current histograms of the of trimesic acid. 
Experiments carried out at a) Esurface = -0.10 VSCE and Ebias= -0.10 V without any data 
selection of 9070 individual current-distance curves, b) Esurface = +0.75 VSCE and Ebias= -
0.10 V without any data selection of 10023 individual current-distance curves. 

 

In EC-STM-BJ current histograms of TMA, we attributed the 0.14 Go 

conductance peak (Figure 6.4 a) to charge transport perpendicular to the benzene ring.  

Intermolecular hydrogen bonding between neighboring molecules immobilizes TMA 

molecules on the Au(111) surface for a long enough time to achieve direct contact 

between the Au electrode and  system of the benzene ring. In these junctions, the 
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benzene ring is planar on the gold substrate. Thus charge transport between the electrodes 

is perpendicular to the benzene ring.  

Figure 6.5. All-data point EC-STM-BJ current histograms of of trimesic acid. 
Experiments carried out at a) Esurface = -0.10 VSCE and Ebias= -0.10 V without any data 
selection of 2970 individual current-distance curves, b) carried out at Esurface = +0.75 VSCE 
and Ebias= -0.10 V without any data selection of 2974 individual current-distance curves. 

 
Changing the gold substrate potential from negative to positive changes the 

molecular orientation from planar to standing upright24 so that junctions are expected to 

be formed due to direct contact between the carboxylic acid groups and the gold 

electrodes.  The conductivity of the benzene ring bridging between two gold electrodes 

via anchoring groups is measured to be in range of 0.001 Go.35, 74-75  Thus we expected to 

observe conductivity due to TMA molecules in an upright geometry bridging between 

gold electrodes via carboxylic acid groups in ranges much lower than for planar 

geometry.  We investigated the charge transport characteristics of TMA molecules in 

lower conductance regions by running STM-BJ under electrochemical potential control 

and positively charged surface. The current histograms indicate two conductance peaks, 
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at about 0.0004 Go and 0.001 Go (Figure 6.5 b).  These values of conductance are 

attributed to the conductance of one and two TMA molecules respectively through the 

carboxylic acid groups.  The conductance peaks were not observed in histograms 

acquired at negative potentials (figure 6.5 a).  We believe that hydrogen bonding between 

neighboring TMA molecules on negatively charged surfaces is strong enough to keep the 

molecule adsorbed parallel to the surface.  Thus, junctions with direct contact between 

the carboxylic acids and the gold electrodes cannot be formed at negative potentials. 

 

 

Figure 6.6. All-data point EC-STM-BJ current histogram of of trimesic acid at 
higher bias. Experiment carried out at Esurface = -0.10 VSCE and Ebias= -0.30 V without any 
data selection of 2027 individual current-distance curves. 

 

In order to confirm the bias potential dependence of the observed peaks in 0.0004 

Go and 0.001 Go, and consequently to verify that they actually represented the signature 
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of molecular conductance, we investigated the current-bias relationship for this 

conductance feature.  In order to do this we varied the bias voltage (Ebias) to -0.30 V in 

SMC experiments while the Esurface is kept unvaried at +0.75 VSCE.  The current maxima 

in the histograms increase proportionally to Ebias based on the Ohm’s law (V=IR), 

resulting in the conductance remains relatively constant (Figure 6.6).  The bias 

independence of the conductance indicates the molecular nature of the conductance peaks 

attributed to the upright orientation of the TMA molecule in the junction.  

 

6.2.3 Single molecule conductivity of pyromellitic acid  

6.2.3.1 EC-STM imaging of pyromellitic acid on a charged Au(111) substrate 

In order to provide stronger evidence for the anisotropic conductance observed in 

TMA molecule, and to support the hypothesis that fabrication of planar and upright 

ordered structure of the TMA molecules results in formation of single TMA molecule 

junctions with high and low conductance, respectively, we performed EC-STM-BJ 

experiments on a selected benzene carboxylic acid derivative that we would not expect to 

be able to show the anisotropic conductivity due to lack of ordered 2D structure.  

Pyromellitic acid (PMA) contains four carboxylic acid groups (Figure 6.1 a) which 

because of steric hindrance effects of these groups should not allow formation of the 

coplanar intramolecular hydrogen bonds on a negatively charged Au(111) substrate 

(Esurface = -0.10 VSCE). Thus formation of the 2-D supramolecular structure with planar 
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orientation of benzene rings on the Au(111) electrode and consequently, formation of 

single molecule junctions with a planar orientation of the benzene rings in the junction is 

unlikely.  STM images of PMA on Au(111) indicates that hydrogen bonding between 

neighboring molecules results in the formation of agglomerates of several molecules and 

no ordered structure observed (Figure 6.7).   

 

Figure 6.7. STM images of pyromellitic acid on charged Au(111). 100×100 nm2 STM 
images of PMA from different areas on negatively charged Au(111) electrode. Esurface = -
0.10 VSCE. It= 0.08 nA, Etip = 0.00 VSCE 

 

6.2.3.2 Single molecule conductivity of pyromellitic acid 

We measured transport through PMA molecules (Figure 6.1a) to test the 

hypothesis that the 0.14 Go peak is due to direct Au-π contact in TMA and is not present 

in PMA single molecule conductance measurements due to lack of ordered structure of 

planar benzene rings.  
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Conductance histograms of PMA collected under electrochemical potential 

control with negatively and positively charged substrates (Figure 6.8) shows that the 0.14 

Go peak is missing in both histograms.  These measurements show that in the case of the 

PMA, where no long ranged and planar structure of benzene carboxylic acids is observed, 

single-molecule junctions with the benzene ring perpendicular to the STM tip are not 

formed.  Thus, we can attribute the 0.14 Go peak to the conductance of TMA 

perpendicular to the benzene ring. 

 

Figure 6.8. All-data point EC-STM-BJ current histograms of pyromellitic acid. 
Experiments carried out at a) Esurface = -0.10 VSCE and Ebias= -0.10 V without any data 
selection of 5029 individual current-distance curves, b) Esurface = +0.75 VSCE and Ebias= -
0.10 V without any data selection of 3071 individual current-distance curves. 

 

Moreover, for this molecule, we do not see a peak corresponding to the charge 

transport through junctions formed via carboxylic linkers in lower conductance range 

(Figure 6.9).  The hindrance effects of the carboxylic acid groups can cause an instability 
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at the molecule/metal interface and can also cause the single molecule to tilt in the 

junction.  Thus, the formation of stable and well-defined single PMA molecule junctions 

with carboxylic acids as anchoring groups is unlikely. The lack of clear, sharp 

conductance peaks in lower conductance range also supports the assertion that the source 

of low conductance 0.004Go and 0.001 Go peaks in TMA single molecule conductivity 

measurements is charge transport through the benzene ring via carboxylic acid groups as 

anchoring groups to the gold electrodes. 

 

Figure 6.9. All-data point EC-STM-BJ current histograms of pyromellitic acid. 
Experiments carried out a) Esurface = -0.10 VSCE and Ebias= -0.10 V without any data 
selection of 2008 individual current-distance curves, b) Esurface = +0.75 VSCE and Ebias= -
0.10 V without any data selection of 1982 individual current-distance curves. 

 

 
6.3 literature review of the theory calculations for transmission through benzene 

ring in single molecule junctions 



 

89 
 

In order to verify that conduction occurs through direct coupling between π 

system of benzene ring and metal surface/electrode, we need to compare transport 

properties of the physisorbed benzene rings in our study with theoretically calculated 

transmission through such junctions.  Many theoretical studies were done aiming to 

obtain information on the intrinsic conductance through π-electrode coupling by quantum 

calculations.  The method used in this studies can be divided into two processes: 

geometry optimization of the molecular system and calculation of the conductance.77  

Quantum calculations estimate that the conductance in the π-stack direction for a single 

benzene ring placed between two Au electrodes is about 10 µS (0.13 Go).77  First-

principles calculations indicate that monolayer-electrode bonding, intermolecular 

interaction, and contact geometry all play very important roles in determining the 

conductance of monolayer.93  Theoretically studied conductance versus orientation of π-

conjugated molecules also showed that electrons mainly transfer through the π channels, 

which is the overlap between the molecular π orbitals and the electrode orbitals.94 

 

6.4. Summary and conclusions 

Conventional single molecule conductance studies focus on molecules with 

functional groups that provide efficient electronic coupling and bind the organic 

molecular backbone to the metal electrodes.  We demonstrate a powerful method to 

fabricate single molecule junctions with well-defined orientations that provides access to 
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the anisotropic conductivity using benzene carboxylic acids under electrochemical 

potential control.  The electrode potential controls the molecule geometry in the junction.  

We measure the conductance in two orientations: one with the benzene ring bridging 

between two electrodes using carboxylic acids as anchoring groups (upright); and one 

with the molecule lying flat on the substrate and perpendicular to the STM tip (planar).  

The junctions with planar molecular orientation have conductance significantly higher 

(by a factor of 1000) than junctions with molecules in an upright geometry.  This offers a 

new method for designing single molecule switches with high on to off conductance 

ratio.   
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CHAPTER 7 

AMINE DIRECTED HYDROGEN BONDING TWO-DIMENSIONAL 

SUPRAMOLECULAR STRUCTURES  

 

7.1 Introduction   

7.1.1 Fabrication of two-dimensional (2-D) molecular networks 

Engineering well-ordered two-dimensional (2-D) molecular networks is of 

interest in modern nano-fabrication strategies.95-98  Controlling assembly on surfaces 

upon chemisorption or physisorption of molecules is the first step in designing 2-D 

molecular structures.  Specific functionalities provide suitable surface building blocks to 

the intramolecular interactions that drive the controlled assembly of molecular species, 

resulting in a 2-D ordered structure.  The emphasis of prior research has generally been 

on intramolecular hydrogen bonding interaction between carboxylic acid groups resulting 

in 2-D supramolecular structures. 

Other potential candidates in fabricating 2-D supramolecular structures are is 

molecules with amine functional groups.  Based on simple chemical principles, amine 

(NH2) groups are hydrogen bond acceptors and donors. Thus, it is not unreasonable to 

expect 2-D structures to form based on H-bonds between amine groups from neighboring 

molecules.  Amines can form hydrogen bonds with a variety of other functional groups 

resulting in long range ordered structures at solid/liquid interfaces.22, 99-100  However, 
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examples using pure amine-amine hydrogen bonding to construct 2-D long range ordered 

structures have not been reported to our knowledge. 

 

7.1.2 Applications of two-dimensional (2-D) molecular networks 

The ultimate goal of much of the bottom-up approach to build perfectly controlled 

molecular assemblies is associating them in molecular circuits and the development of 

nano-scale devices and sensors.22, 81-83, 101  Molecular networks that undergo structural 

changes due to an external chemical disturbance81 can be the first choice in 

manufacturing sensors,102 electronics83 or switches at the single molecule level.30, 101, 103-

105    Among possible chemical stimuli, pH is of interest due to applications in designing 

experiments in aqueous solutions under potential control.106-107  One possible strategy can 

be employing pH, due to applications in designing experiments in aqueous solutions 

under potential control,106-109 as a knob to manipulate intermolecular hydrogen bonding 

leading to phase transitions.108-109  Hence, pH induced 2-D networks of molecules 

interacting with each other via hydrogen bonding are potential systems to study.108-109   

Amines are soluble in water and protonation results in protonated (NH3
+) and 

unprotonated (NH2) amine groups in acidic and moderately acidic/neutral solutions, 

respectively.  Thus, amines are suitable molecular building blocks for fabricating 2-D 

supramolecular structures with intermolecular hydrogen bonds that undergo changes due 

to change in pH.98, 108 
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7.2 Fabrication of amine directed 2-D supramolecular structures 

7.2.1 Overview 

In this study, 1,3,5–triaminobenzene (TAB) (Figure 7.1a) was used as the 

building block to fabricate a 2-D supramolecular structure on the surface of a gold 

crystal.  We investigated pH induced structural changes in a TAB monolayer due to the 

protonation of amine groups and consequently the formation/disruption of hydrogen 

bonds between neighboring molecules.  In our study, we used the electrochemical 

potential as a parameter to control the formation of the TAB 2-D supramolecular 

structure.  Specifically, the electrode potential was set to keep the Au(111) surface 

negatively charged to drive the adsorption of triaminobenzenium cations (Figure 7.1a) 

while pH provided an external chemical stimulus to induce an order/disorder phase 

transition in the 2-D TAB network.   

As a step further toward switching functionality, we investigated the alteration of 

a supramolecular structure formed on the surface by adding TAB molecules under pH 

control to the 2-D network of another molecule, without varying other parameters such as 

pH or electrochemical potential.  Specifically, using sequential STM imaging we showed 

that the supramolecular structure of 1,4-benzenecarboxylic acid (formed due to hydrogen 

bonding between molecules lying flat with the benzene ring parallel to the Au(111) 

surface) was transformed after adding TAB to the supernatant solution.  We hypothesized 

that the reorientation of 1,4-benzenecarboxylic acid happened due to co-adsorption of the 
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foreign species resulting an upright structure for the TAB and 1,4-benzenecarboxylic acid 

molecules in the 2-D network. 

 

7.2.2 Molecular structures of triaminobenzene in acidic and neutral pH 

Aromatic amines are generally protonated on the amino groups but TAB, 

consisting of a phenyl ring with three amine groups disposed in the 1,3 and 5 positions  

(Figure 7.1a), is a special case since the first protonation (pK1= 5.5 ± 0.03) mainly occurs 

on the ring carbon atom at room temperature.110  Protonation of TAB in acidic and 

neutral solutions generates different species (Figure 7.1a).  The triaminobenzenium cation 

(Figure 7.1a , structure III)  is the main product of protonation at room temperature at 

pH~5.5,111-112 though a small amount of the amino-protonated species (Figure 7.1a, 

structure IV) coexists with carbon ring protonated species (structure III).111-112   By 

decreasing the pH, the three amine groups will eventually all be protonated (Figure 7.1a, 

structure II).  We compared the UV-vis spectra of TAB in acidic (pH ~ 1) and neutral 

(pH ~ 5.5) solutions (Figure 7.1b) to reveal the structural differences of the protonated 

species in two pHs.  1 mM 1,3,5-triaminobenzene trihydrochloride (95%, SINOVA) 

solution in H2SO4 (99.999%, Sigma Aldrich) with pH ~ 1 (0.05 M H2SO4) and pH~5.5 

was used as the electrolyte solutions.  The structure and position of the peaks in the two 

spectra are different due to different protonation patterns of TAB in the two solutions.  In 

concentrated acid solution (pH ~1), the peak at 272 nm (Figure 7.1b) is evidence that 
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protons attach to amine groups so that TAB is fully protonated.111-112  In 

neutral/moderately acidic solution (pH ~ 5.5) the peak at 263 nm with a shoulder toward 

higher wavelengths (Figure 7.1b) is evidence of the presence of a triaminobenzenium ion 

where protonation occurs not on the amino groups but on the ring carbon atom.110-111  

Figure 7.1. Molecular structure and UV-Vis spectra of triaminobenzene (TAB) in 
acidic and moderately acidic/neutral solutions. a) Molecular structure of TAB (I) in 
pH~ 1 (II) and pH~ 5.5 (III and IV), b) UV-vis spectra of TAB in pH~ 1 (red) and pH~ 
5.5 (blue) solutions.  
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In addition to the pH dependent characteristic UV-vis spectra, the formation of 

polyTAB nanosheets in the solution with pH~ 5.5 is another evidence for the presence of 

triaminobenzenium cations.112  Formation of polyTAB nanosheets occurs upon 

polymerization of triaminobenzenium cations followed by polymerization of TAB 

molecules. We observed formation of large poly-TAB transparent sheets112 (Figure 7.2b) 

in our moderately acidic/neutral solution of TAB/H2SO4 (pH ~ 5.5) (Figure 7.2c, 

blue),confirming the presence of triaminobenzenium cations.  On the other hand, in 

acidic solution of TAB/H2SO4 (pH~1), we did not observe formation of poly-TAB 

transparent sheets (Figure 7.2c, red).  

 
 

Figure 7.2. Formation of poly-triaminobenzene (poly-TAB) shetts in acidic and 
moderately acidic/neutral solutions.  a) Molecular structure of poly-TAB, b) relatively 
large and transparent poly-TAB film transferred on a glass substrate, c) TAB/H2SO4 (pH 
~ 5.5) solution with floating poly-TAB sheets (blue) and yellow and transparent 
TAB/H2SO4 (pH ~ 1) solution (red). 
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7.2.3 Formation of supramolecular structures of triaminobenzene in acidic and 

neutral pH 

We hypothesized that the protonated amine groups of TAB (Figure 7.1a, structure 

II) are not able to form H-bonds.  Hence, it would be unlikely for a long range ordered 

structure of TAB to form on the Au(111) surface in concentrated acidic solution.  

However, in moderately acidic solution (pH ~ 5.5) at room temperature, protonation on 

the ring carbon atom generates species (Figure 7.1a, structure III) capable of forming H-

bonds leading to the formation of long range ordered structures of TAB molecules.  

Based on these hypotheses, we investigated the controllable fabrication of a TAB 

supramolecular structure on a substrate based on amine-amine hydrogen bonding with 

high molecular precision and employed pH for manipulating ordered/disordered TAB 

network. 

 

7.3 pH induced assembly of a single component molecular system: formation of 

1,3,5–triaminobenzene 2-D supramolecular structures 

7.3.1 STM imaging of 1,3,5–triaminobenzene on a gold substrate in neutral solution 

under potential control 

We investigated the possibility of forming a 2-D supramolecular structure of TAB 

on Au(111) due to intermolecular hydrogen bonding in near neutral solution (pH ~5.5, 
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where the first protonation of TAB happens110-111) using scanning tunneling microscopy 

(STM).  

A gold bead, presenting well-ordered Au(111) facets on which wide (>100 nm) 

terraces could be easily found, was used as the substrate. The TAB monolayer on the 

Au(111) surface was prepared by adding 1 mM of the supernatant of the TAB/H2SO4 (pH 

~ 5.5) solution in which we observed formation of transparent poly-TAB sheets (Figure 

7.2c), to cover the gold crystal surface under electrochemical potential control (Esurface = 

0.10 VSCE) at room temperature.  STM images were obtained with a PicoScan STM 

system (Molecular Imaging).  The PicoStat bipotentiostat (Molecular Imaging) was used 

to control the surface and tip potential independently.  A silver wire and a platinum wire 

were used as a quasi-reference electrode and counter electrode, respectively. 

 

Figure 7.3.  STM images of TAB/H2SO4 (pH ~ 5.5) on charged Au(111). Imaging scan 
area: a) 50×50 nm2, b) 30×30 nm2. (Esurface= 0.10 VSCE, It = 0.1 nA) 
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Running STM experiments in an electrochemical environment enables us to use 

the surface potential as an extra controlling parameter to provide a negatively charged 

Au(111) surface to facilitate the adsorption of the triaminobenzenium cations with 

positive charge on ring carbon (Figure 7.1a, structure III).  The large scale STM image 

(Figure 7.3) shows that adsorbed TAB molecules form a long range ordered monolayer 

on Au(111) along with gold islands (bright white features) which appear due to the lifting 

of the gold reconstruction before adsorption of the TAB molecules on the substrate.113 

 

7.3.2 Structural details of 1,3,5–triaminobenzene 2-D supramolecular 

structure  

High-resolution STM images (Figure 7.4 a and b) reveal the structural details of 

the TAB supramolecular network on Au(111) in mildly acidic solution (pH ~ 5.5).  Six 

TAB molecules are arranged in a hexagonal pattern with the center occupied by a seventh 

brighter TAB molecule (indicated with the white circles in Figure 7.4a).  There is an 

almost perfect arrangement of hydrogen bonds between molecules from neighboring 

rings (indicated by blue triangles in Figure 7.4b).114   

The estimated length of a TAB molecule using ChemDraw is about 6 Å (Figure 

7.4c).  The center-to-center distance between neighboring TAB molecules, determined 

from the cross section of the ordered structure (Figure 7.4d), is about 7 Å which is 
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consistent with the length of a TAB molecule lying flat with its benzene ring parallel to 

the surface as determined using ChemDraw (Figure 7.5a) and the reported distances 

between similar hydrogen bonded benzene derivatives (e.g., 1,3,5-benzenetricarboxylic 

acid) in two-dimensional honeycomb structures formed on Au(111).23  

 

Figure 7.4.  Detailed STM images and cross section analysis of triaminobenzene on 
Au(111). a) STM images of TAB on Au(111)/H2SO4 (pH ~ 5.5), Esurface= 0.10 VSCE, It = 
0.1, Scan area: 15×15 nm2, white ovals enclose a hexagonal pattern of six TAB molecules 
with the center occupied by a seventh TAB molecule, b) 7×7 nm2 zoomed-in image of a  
blue triangles and red circles point to TAB molecules with low and high contrast 
respectively, c) schematic of a TAB molecule with estimated length using Chemdraw, d) 
cross section of ordered structure denoted by the green line in image b), distance between 
neighboring TAB molecules is ~ 7Å, e) superimposed TAB molecules on the zoomed-in 
STM image of b 

 

The driving force for the formation of the supramolecular structure is the negative 

charge on the Au(111) surface for adsorption of the triaminobenzenium cations (Figure 

7.1a, structure III) followed by hydrogen bonding between amine groups of neighboring 

TAB molecules.  The potential of zero charge (PZC) is the electrode potential at which 

the surface charge is zero.  The PZC determined for the electrochemically reconstructed 

Au(111)–(22×√3) and the Au(111)–(1×1) surfaces are 270 mV and 230 mV versus 
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saturated calomel electrode (SCE), respectively.115  Thus, any gold surface at potentials 

more negative than these values is considered as negatively charged.  The honeycomb 

structure of the repeating hexagonal rings is due to the equal-participating amine groups 

of the six TABs at the vertices in hydrogen bonding.  The zoomed-in STM image with 

superimposed TAB structures drawn based on a real 3-D molecular model (Figure 7.4e) 

indicates that the six TABs of the hexagonal structure have benzene rings and N---H 

(hydrogen bonds) in the same plane (a clear image of the proposed structure without the 

STM image in the background can be found  in Figure 7.5b).  

 

Figure 7.5. Molecular structure of one triaminobenzene molecule and six-member 
ring. a) calculated length of TAB molecule, b) six TAB molecules forming the hexagonal 
structure drawn based on a real 3-D molecular model.  

 



 

102 
 

Equal participation of six TAB at the vertices in H-bonding can also be concluded 

from comparing the TAB ordered structure with 2-D supramolecular motifs of other 

benzene derivatives with functional groups in the threefold 1,3,5 positions.  For example, 

1,3,5-trimethylbenzene (Figure 7.6a, inset) forms long range ordered structures on 

Au(111) with the benzene ring lying flat on the surface.68  Considering the fact that 

methyl groups have weak intermolecular interactions, the dominant force for long range 

ordered structure formation should be the substrate/adsorbate interactions.68  The STM 

image of the 1,3,5-trimethylbenzene supramolecular structure on Au(111) (Figure 7.6a) 

indicates a network with almost the same level of contrast for all the molecules on the 

surface without any empty adsorption position on the surface.  On the other hand, 1,3,5-

benzenetricarboxylic acid (Figure 7.6b, inset) is capable of forming long range ordered 

structures on Au(111) (Figure 7.6b) via intermolecular hydrogen bonds between 

neighboring molecules.23  Hydrogen bonding mediated by carboxylic acids in the 

threefold 1,3,5 positions results in a honeycomb structure, 23  (Figure 7.6b) similar to 

observed structure for the TAB molecular network on Au(111) (Figure 7.4a) due to the 

directional nature of hydrogen bonding.  In the 1,3,5-benzenetricarboxylic acid 

honeycomb structure, most of the central positions in the hexagonal rings are empty ( red 

circles in Figure 7.6b), though a few of them are occupied by a seventh molecule (white 

circles in Figure 7.6b).  On the contrary, in the honeycomb structure of TAB almost all 

the central positions are occupied by a seventh molecule (white circles in Figure 7.3a).  

The difference can be explained by considering that the positively charged benzene ring 

of triaminobenzenium cations are attracted to the negatively charged Au(111) surface.  
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However, in 1,3,5-benzenetricarboxylic acid, due to absence of such an adsorbate-

substrate driving force, only a few molecules occupy the central position of the hexagonal 

ring. 

Figure 7.6.  STM images of 1,3,5-trimethylbenzene and 1,3,5-benzenetricarboxylic 
acid on Au(111) and schematic of closed pack vs. hexagonal motifs. a) 1,3,5-
trimethylbenzene on Au(111), scan area: 10×10 nm2, Ebias = -0.10 V, It = 10 nA, inset: 
molecular structure of 1,3,5-trimethylbenzene, b) 1,3,5-benzenetricarboxylic acid/0.05 M 
H2SO4 on Au(111), scan area: 10×10 nm2, Esurface = -0.10 VSCE, and It = 10 nA, inset: 
molecular structure of 1,3,5-benzenetricarboxylic acid.  White, red circles indicate 1,3,5-
benzenetricarboxylic acid honeycomb structures with and without the central positions in 
the hexagonal rings occupied by the seventh molecule, respectively, c) schematic of 
closed pack motif, d) schematic of hexagonal motif. 
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The observed difference in contrast in the STM images, and the apparent heights 

in the cross section of the ordered structure (Figure 7.4d), between the TAB molecules 

constituting the hexagonal ring and the TAB in the center of the ring (Figure 7.4a and b), 

suggests that there are two types of TAB molecules in the supramolecular structure on 

Au(111).  TAB molecules in mildly acidic (pH ~ 5.5) solution form a hexagonal structure 

via hydrogen bonding (molecules with low contrast, blue triangles in Figure 7.4b) that 

acts as a host system for the seventh, guest TAB (molecule with high contrast, red circles 

in Figure 7.4b), adsorbed flat on the central hole of the hexagon and probably without 

effective hydrogen bonding to the amine groups of the molecules constituting the 

hexagon. 

 

 
7.3.3 STM imaging of 1,3,5–triaminobenzene on gold substrate in acidic solution 

under potential control 

In order to investigate the influence of pH on the TAB network and to compare 

H-bond formation between neighboring amine groups in acidic and near neutral 

solutions, STM imaging was carried out in 1 mM TAB/0.05 M H2SO4 (pH~1) solution.  

A typical large scale (100×100 nm2) STM image (Figure 7.7a) shows that the adsorbed 

TAB molecules do not form any observable ordered structures on the negatively charged 

(ESurface = -0.10 VSCE) Au(111) surface under acidic conditions.  STM imaging under the 

same conditions towards more positively charged surfaces (ESurface = 0.0 VSCE and +0.10 
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VSCE) did not reveal ordered structures (Figure 7.7 b and c).  The lack of long range 

ordered structures of TAB molecules in acidic solution may be attributed to the 

likelihood that protonated amine groups cannot effectively hydrogen bond between 

neighboring TAB molecules since the electron lone pair of the nitrogen atom is no longer 

available as the acceptor in the ammonium ion.  Thus, there is an absence of a driving 

force for ordered supramolecular TAB structure formation on the Au(111) surface in 

acidic solution. 

 

Figure 7.7.  STM images of TAB/0.05 M H2SO4 (pH~1) on charged Au(111). a) Esurface 
= -0.10 VSCE, b) Esurface = 0.00 VSCE, c) Esurface = 0.10 VSCE. (Scan area 100 × 100 nm2, It = 
0.1 nA).  

 

The observation of the honeycomb structure over the entire surface at pH~ 5.5 

(Fig 7.3 a and b), suggesting equal bonding between amine groups, indicates that the 

three amine groups equally participate in H-bonding with neighboring TAB molecules 

and from a long range honeycomb assembly of TAB molecules (Figure 7.6 c and d).  

Thus, TAB molecules are protonated on the carbon ring (Figure 7.1a, structure III) at pH 
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~ 5.5 leaving the three amine groups available for forming hydrogen bonds with 

neighboring molecules.  

 

7.4 pH induced assembly of two component molecular systems: transformation of 

1,4-benzenedicarboxylic acid 2-D supramolecular structure using 1,3,5–

triaminobenzene 

7.4.1 Overview 

2-D supramolecular networks undergoing structural changes due to addition of 

another component can also be a potential system in designing nano-scale sensors and 

switches.  We used TAB molecules to induce a phase transition in 2-D network of a 

molecule on Au(111) when all other parameters, e.g., pH, are kept constant.  We 

investigated the long range ordered structure of 1,4-benzenedicarboxylic acid (Figure 

7.8a), which is capable of forming intermolecular hydrogen bonds with carboxylic acid 

groups of neighboring molecules,23 with and without TAB molecules.  As a result, the 

orientation of 1,4-benzenedicarboxylic acid molecules in the 2-D supramolecular 

structure alters from planar to upright upon adding the TAB solution.  

 

7.4.2 STM imaging of 1,4-benzenedicarboxylic acid on gold substrate in neutral 

solution under potential control 
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STM imaging of 1,4-benzenedicarboxylic acid in H2SO4 solution with pH~5.5 on 

Au(111) carried on the negatively charged surface (ESurface = -0.10 VSCE) (Figure 7.8b ).  

A supramolecular structure of 1,4-benzenedicarboxylic acid is formed due to carboxylic 

acid dimerization via hydrogen bonding between neighboring molecules, with the 

benzene ring lying flat on the surface.23   The distance between neighboring molecules, 

measured from the cross section of the ordered structure (Figure 7.9c), is about 8.5 Å, 

consistent with the length of 1,4-benzenedicarboxylic acid (7 Å, determined using 

Chemdraw, Figure 7.8a) when it orients flat with the benzene ring parallel to the Au(111) 

surface.23 

 

Figure 7.8. Detailed STM images and molecular structure of 1,4-
benzenedicarboxylic on Au(111). a) Molecular structure of 1,4-benzenedicarboxylic 
acid with the length determined using Chemdraw, b) superimposed 1,4-
benzenedicarboxylic acid molecular structure on the STM image with the hydrogen 
bonds. 
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7.4.3 STM imaging of mixture of 1,4-benzenedicarboxylic acid and 1,3,5–

triaminobenzene  on gold substrate in neutral solution under potential control 

After observing the ordered planar structure of 1,4-benzenedicarboxylic acid (i.e., 

after collecting Figure 7.9b), 1 mM TAB/H2SO4 (pH ~ 5.5) was added to the electrolyte 

solution without making any other changes in EC-STM cell setup.  STM imaging, after 

one hour, results in a different 2-D structure on the Au(111) surface (Figure 7.9d).  The 

large scale STM image (Figure 7.9d), shows clearly that the defect free ordered structure 

of 1,4-benzenedicarboxylic acid is altered after adding TAB solution.  Ordered and 

disordered domains form on the surface (black and blue circles for order and disordered 

domains in Figure 7.9d, respectively).   

Comparing same size zoomed-in STM images of the ordered domains before and 

after adding TAB solution (Figure 7.9 b and e) reveals that the adsorbed molecules, in the 

presence of TAB, are still oriented in the same direction in the x-y plane (green lines in 

Figure 7.9 b and e).  However, objects on the surface after adding TAB are smaller in 

size, suggesting that the benzene rings do not lie flat on the Au(111) surface anymore.  

The measured distance between the neighboring molecules in Figure 7.9e, using a cross 

section of the ordered structure (Figure 7.9f), is about 4 Å consistent with the reported 

upright structure of benzene carboxylic acid derivatives.23  Thus, we concluded that 

adding TAB to adsorbed 1,4-benzenedicarboxylic acid molecules caused the molecules to 

reorient from a planar to an upright position.  
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Figure 7.9.  Sequential STM images of mono and bi component 2-D network on 
Au(111). a) 1,4-benzenedicarboxylic/H2SO4 (pH~5.5) on Au(111), scan area: 30×30 nm2, 
(inset: molecular structure of 1,4-benzenedicarboxylic acid), b) 1,4-
benzenedicarboxylic/H2SO4 (pH~5.5) on Au(111), scan area: 6.5 × 6.5 nm2,  c) cross 
section of the ordered structure denoted by the green line in image b, d) STM image after 
adding TAB/H2SO4 (pH~5.5) solution to 1,4-benzenedicarboxylic acid monolayer on 
Au(111), scan area: 30 × 30 nm2, black and blue circles depicting ordered and disordered 
domains respectively, e) Zoomed in image of an ordered domain from d) after adding 
TAB/H2SO4 (pH~5.5) solution to 1,4-benzenedicarboxylic acid monolayer on Au(111), 
scan area: 6.5 × 6.5 nm2, f) cross section of the ordered structure denoted by the green 
line in image e,  (Esurface = -0.10 VSCE , It = 0.1 nA). 

 

Hydrogen bonding between 1,4-benzenedicarboxylic acid molecules on the 

surface leads to a well-ordered 2-D structure that does not undergo any structural change 

due to addition of extra solvent (H2SO4 (pH~5.5)), thus 1,4-benzenedicarboxylic acid 

molecules are expected to stay on the gold substrate upon adding the TAB solution.  On 
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the other hand, TAB molecules are adsorbed on the Au(111) electrode with their aromatic 

ring lying flat on the substrate (Figure 7.4 a and b) and the upright oriented molecules in 

Figure 7.9e are not expected to be TAB molecules.  Considering these two points, we can 

explain the phase transition between planar and upright orientation of molecules by 

assuming co-adsorption of TAB molecules along with 1,4-benzenedicarboxylic acid 

molecule on negatively charged Au(111) surface.  Since the adsorption of 

triaminobenzenium cations on the negatively charged Au(111) surface is energetically 

favorable, 1,4-benzenedicarboxylic acid molecules that lie flat (Figure 7.9b)  reorient in a 

direction such that facilitates adsorption of TAB cations.  In this new ordered structure 

TAB molecules are paired with 1,4-benzenedicarboxylic acid molecules, standing upright 

with the positively charged ring carbon atom parallel to the benzene ring (Figure 7.9e).  

Hence, two planar (due to adsorption of 1,4-benzenedicarboxylic molecules) and upright 

(due to co-adsorption of TAB and 1,4-benzenedicarboxylic molecules) observed phases 

are formed on the Au(111) surface upon adding TAB solution  (Figure 7.9).   

In order to test the hypothesis that transformation between flat and upright 

orientation happens on the surface upon adding the TAB solution, we investigated the 

formation of monolayer using mixed solution of 1,4-benzenedicarboxylic acid and TAB 

in H2SO4 (pH~5.5) (Figure 7.10).  Formation of any 2-D ordered structure occurs upon 

completion of two steps: molecule adsorption on the sample surface and formation of 

intramolecular bonds.  Incompletion of any of the two mentioned steps results in the lack 

of 2-D ordered structure.  We did not observe formation of any ordered structure when 
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we used the mixed solution of 1,4-benzenedicarboxylic acid and TAB (Figure 7.10).  

Based on the STM images (Figure 7.10), we concluded that the two molecules (1,4-

benzenedicarboxylic acid and TAB) do not form mixed long range ordered structures on 

Au(111) substrate.  The interactions between the two molecules in the solution phase 

results in the 1,4-benzenedicarboxylic acid molecules not to be available for 

intramolecular hydrogen bonding upon adsorption on the surface.  In addition, the 

simultaneous adsorption of the two molecules from solution does not result in the 

formation of the 2-D ordered structure on the gold substrate.  According to this 

observation we concluded that alteration in the orientation of 1,4-benzenedicarboxylic 

acid molecules is driven by TAB molecules and only after formation of 2-D structure of 

1,4-benzenedicarboxylic acid. 

 

Figure 7.10.  STM images of 1,4-benzenedicarboxylic acid + triaminobenzene in 
H2SO4 (pH ~ 5.5) on Au(111). a and b show two different 40×40 nm2 scan areas, Esurface= 
0.10 VSCE, It = 0.1 nA. 
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7.5 Summary and conclusions 

In this work we investigated the formation of 2-D supramolecular networks based 

on pure amine-amine hydrogen bonding on Au(111) at the solid-liquid interface upon the 

variation of  pH.  The two different products of proton exchange of 1,3,5–

triaminobenzene (TAB) molecules in concentrated and moderate acidic solutions have 

different capabilities for forming hydrogen bonding between neighboring molecules.  In 

moderately acidic-neutral solution (pH ~ 5.5), protonation of TAB molecules on the 

carbon atom of the benzene ring results in species capable of forming intermolecular 

hydrogen bonds with amine groups from the neighboring TAB molecules.  High 

resolution STM images reveal the 2-D supramolecular structure of TAB molecules with 

honeycomb structure on Au(111) surface.  Lowering the pH causes protonation of the 

amine groups so that the nitrogen is no longer available for hydrogen bonding and TAB 

molecules do not form long range ordered structure on the Au(111) surface.  

In the case of the 2-D supramolecular structure formed by 1,4-

benzenedicarboxylic acid molecules, TAB molecules can be employed to induce a 

transformation in the 2-D structure due to co-adsorption of the two molecular systems: 

TAB and 1,4-benzenedicarboxylic acid molecules on a given solid substrate.  Adding 

TAB to the 1,4-benzenedicarboxylic acid 2-D structure with planar orientation of 

benzene rings on the Au(111) surface causes a reorientation to standing upright 

molecules.  These two examples demonstrate that the collective effects of chemically 
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modulated transition of 2-D structures can be employed in designing molecular sensors 

and switches.
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CHAPTER 8 

SUMMARY AMD PERSPECTIVES 

 

Combining Scanning Tunneling Microscopy (STM) imaging and STM break 

junction (STM-BJ) techniques enabled us to introduce a new approach in fabricating 

well-defined single molecule junctions that are not achievable using conventional 

methods.  The molecular assembly of mesitylene was employed to create highly 

conductive molecular junctions with geometry of benzene ring perpendicular to the tip.  

Formation of long range ordered structure immobilizes mesitylene molecules on Au(111) 

surface with the benzene ring lying flat on the surface and perpendicular to the STM tip 

for long enough time to facilitate Au-π-Au junctions to be formed.  Mesitylene molecules 

do not have standard anchoring groups providing enough contact to the gold electrode.  

Thus, the only assumable geometry for the molecules in the junction is via direct contact 

between Au and the π system of the benzene ring in mesitylene.  Long range ordered 

structure of mesitylene molecules that was imaged using STM supports the hypothesis 

that mesitylene is initially adsorbed on the Au(111) with its molecular plane 

perpendicular to the Au tip.  Repeating fabrication of Au/mesitylene/Au junctions results 

in a molecular conductance peak in 0.125Go (± 0.006), consistent with theoretical 

calculations and two orders of magnitude higher than the measured conductance of a 

phenyl ring connected via standard anchoring groups.35, 74-75  We attribute this 

conductance peak to charge transport perpendicular to the benzene ring of the mesitylene 

molecule. 
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We demonstrated that fabricating single molecule junctions with benzene ring 

perpendicular to the STM ring instead of attached via anchoring group results in 

formation of single molecule junctions almost two orders of magnitude higher in 

conductance.  The results can be utilized in designing a single molecule switch.  By 

changing the benzene ring geometry in the junction, one can access low (off) and high 

(on) conductance states.  Running STM based break junction measurements in 

electrochemical environment enables us to employ the surface (electrode) potential to 

control formation of long range ordered structure of benzene carboxylic acid derivatives 

and consequently control the geometry of the single molecule in the junction.  We 

measured the conductance in two surface potentials: a negatively charged surface that 

provides a long range ordered structure of benzene ring lying flat on the substrate and 

perpendicular to the STM tip axis (planar) versus positively charged surface that the 

planar structure vanished.  The single molecule junction formation with direct contact of 

the tip and the π system of the benzene ring happens only at negative potentials where 

long range ordered structure facilitates formation of planar molecular orientation.  Thus, 

significantly high conductance (comparing to other single molecule junctions formed via 

conventional methods and benzene derivatives. 35, 74-75) is observed only at negative 

surface potentials.  At positive surface potentials, the lack of ordered structure leads to 

lack of long range ordered structure and no junction formation and off conductance 

status.  This approach offers a new method for designing single molecule switches with 

high on /off ratio.  The versatility of using surface electrochemical potential as the trigger 

makes this strategy very promising for designing functional single molecule switches. 
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We demonstrate a powerful method to fabricate single molecule junctions with 

well-defined orientations that provides access to the anisotropic conductivity using 

benzene carboxylic acids under electrochemical potential control.  We measure the 

conductance in two orientations while the electrode potential controls the molecule 

geometry in the junction: one with the benzene ring bridging between two electrodes 

using carboxylic acids as anchoring groups (upright); and one with the molecule lying 

flat on the substrate and perpendicular to the STM tip (planar).  The junctions with planar 

molecular orientation have conductance significantly higher (by a factor of 1000) than 

junctions with molecules in an upright geometry.  This offers a new method for 

fabricating single molecule junctions with anisotropic conductance. 

We looked at conductance and charge transport perpendicular to benzene ring in 

the junctions formed via direct Au/π contact.  The conductance measurements indicate 

that functional groups of benzene ring can affect the charge transport process in such 

junctions.  Substituting electron donating functional groups versus electron withdrawing 

groups results in different electron densities for the benzene ring and impacts the charge 

transport perpendicular to the benzene ring.  Conductance measured for mesitylene 

molecule with methyl functional groups is slightly lower than observed conductivity for 

benzene carboxylic acids with electron withdrawing functional groups.  A systematic 

study with the focus on effect of electron donating versus electron withdrawing 

functional groups on the charge transport (conductance) perpendicular to the benzene 

ring can shine the light on the nature of the electronic coupling between the electrode and 

the π system of the benzene ring and also the charge transport mechanisms in such 
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junctions.  Another issue to address is the role of number and position of the substitutions 

on benzene ring affecting charge transport perpendicular to the benzene ring. 

As a step further for investigating chemical and physical stimuli to alter molecular 

orientations in 2-D structures, we studied 2-D supramolecular networks based on pure 

amine-amine hydrogen bonding on Au(111) at the solid-liquid interface upon the 

variation of  pH.  The two different products of amine containing molecules in acidic and 

neutral solutions are expected to have different capabilities for forming hydrogen 

bonding between neighboring molecules.  In a mildly acidic /neutral solution (pH ~ 5.5) 

of 1,3,5–triaminobenzene (TAB), proton exchange results in charged species with 

positive charge on the carbon atom of the benzene ring.  In this case the amine groups of 

the protonated TAB molecules are still available for intramolecular hydrogen bonding 

and formation of 2-D supramolecular structure.  The hypothesis was supported by high 

resolution STM images revealing the 2-D supramolecular structure of TAB molecules 

with honeycomb structure on Au(111) surface.  TAB molecules in concentrated acidic 

solutions (pH ~ 1) have protonated amine groups so that the nitrogen is no longer 

available for hydrogen bonding and TAB molecules do not form long range ordered 

structure on the Au(111) surface.  Thus, pure amine-amine hydrogen bonding can be 

manipulated by varying the pH of the solution and this finding can be employed in 

designing 2-D supramolecular structures responsive to pH variations.  TAB molecules 

can also be employed to induce a transformation in the 2-D structure due to co-adsorption 

of the two molecular systems.  Adding TAB to the 1,4-benzenedicarboxylic acid 2-D 
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structure with planar orientation of benzene rings on the Au(111) surface causes a 

reorientation to standing upright molecules.  These two examples demonstrate that the 

collective effects of chemically modulated transition of 2-D structures can be employed 

in designing molecular sensors and switches. 
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APPENDIX A 

CRYSTAL ELECTRODES AND SAMPLE PREPARATION 

 

In the EC-STM experiments, Au(111) single crystal disc (10 mm in diameter and 

2 mm in height) was employed as working electrode and imaging substrate for 

investigating the structure properties of molecular adlayers  and  exploring electron 

transfer properties in the STM-BJ experiments.  

For preparing the Au(111) substrate before every experiment, the crystal disk was 

cleaned by immersion in hot piranha solution (1:3 H2O2 (J. T. Baker, CMOS)/ H2SO4 

(96%, J. T. Baker, CMOS) for 1hr (Caution! The piranha solution is a very strong 

oxidizing reagent and can be dangerous.  Protective equipment including gloves and 

glasses should be used at all times) and then rinsed and heated up in ultra-pure deionized 

(DI) water obtained from a Thermoscientific Barnstead Easypure II purification system 

equipped with a UV lamp (water resistivity >18 MΩ.cm).  The preparation process then 

followed up by carefully annealing the crystal disk in a hydrogen flame at red heat 

(temperature of approximately 600-700 °C) for several minutes.  The flame annealing is 

usually performed in a dark room to readily distinguish the temperature according to the 

color of the crystal.  After flame annealing, the crystal was cooled down in the hydrogen 

purged DI water and dried under the stream of Argon if needed, before setting up the EC-

STM cell. 

The EC-STM cell consists of a Teflon cell with an O-ring (Viton) perfectly 

matched with gold crystal dimensions to prevent any liquid leakage.  It is important that 
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the liquid cell lies flat on the sample plate, to prevent the cell from leaking and be 

clamped to the sample plate properly.  

The covering solvent should be placed on top of the gold crystal immediately 

after annealing process and clamping the EC-STM cell to the sample plate in order to 

prevent any contamination adsorbed on the gold surface.  In order to clean the electrodes, 

flame annealing can be used for both reference and counter electrodes before placing 

them in the electrolyte solution.      
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APPENDIX B 

STM-TIP FABRICATION 

 

A-1 Fabricating tungsten tips 

Tungsten tips were prepared using electrochemical etching technique.  The setup 

is basically a two-electrode electrochemical cell with tungsten as working and platinum 

as reference/counter electrodes (Figure B-1 a).   

 

 
Figure B-1. Electrochemical etching of tungsten tip. a) setup of the electrochemical 
cell with the Pt wire in the middle of the Pt-ring and lamella, b) uncoated tungsten tip. 

 

In the tungsten/Pt two-electrode electrochemical cell, a solution of 2 M NaOH 

serves as the electrolyte.  A piece of tungsten wire (99.9%, inner diameter: 0.25 mm) is 

placed in the middle of a platinum ring.  The ring can hold a thin layer of NaOH solution 

and provide a lamella-arrangement.  Employing a dc voltage between the two electrodes 
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results in an electrochemical reaction in which the tungsten wire is being etched as the 

anode.  The etching process causes the tungsten wire to become thinner and thinner in the 

contact region with the electrolyte lamella until that the tip breaks and fall down due to 

gravity.  The stretching that happens right before breaking the tip, results in a very sharp 

tip that can be collected upon falling down and used for STM imaging. 

 

A-2 Fabricating gold and platinum tips 

Gold and platinum tips were made simply by mechanically cutting a piece of wire 

using a pair scissors.  For fabricating platinum tip an alloy of platinum Iridium (Pt:Ir; 

90:10 wt%, 99.9%, inner diameter: 0.25 mm) is used.  The most useful strategy is holding 

the scissors in 60 degrees versus the metal wire and simultaneously pulling and cutting 

the wire to get a sharp tip (Figure B-2).  The sharpness of the tips can be checked using 

an optical microscope. 
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Figure B-2. Mechanically cut STM tip. a) Pt/Ir, b) gold. 
 

A-2 Insulating the STM tips 

In the EC-STM experiments, all STM tips were coated with polyethylene to 

decrease the contact area with the electrolyte.  The coating layer insulates the tip and 

helps to decrease faradaic current contributions to the tunneling current.  Polyethylene is 

melted on a hot plate with a slit in the middle.   After etching, the tip is located in the slit 

and moved up and down to be covered by a layer of polyethylene around it.  The coating 

layer should be thick and just leave a very small part of the apex out (Figure B-3) to 

reduce the leakage current typically to values less than 1-5 pA. 

 

 
Figure B-3. Electrochemically etched tungsten EC-STM tip. a) Without coating b) 
coated with polyethylene. 
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APPENDIX C 

REFERENCE ELECTRODE POTENTIALS 

 
In electrochemical STM experiments, several electrodes can be employed as the 

reference electrodes.  The key point for choosing the reference electrode is versatility in 

preparation and placement in the EC-STM cell with total volume ~ 5 mL.  One of the 

commonly used reference electrodes is Pt wires since these electrodes are easy to prepare 

and exhibit a rather stable potential for acidic solutions.  For mildly acidic and neutral 

solutions, Pt wire is not suitable as reference electrode anymore since it cannot maintain 

the set potential value across the working electrode.  Instead a piece of Ag wire is good 

option to be used as the reference electrode. 

All potentials in this dissertation are quoted with respect to a saturated calomel 

electrode (SCE).  The potential scale of Pt, Ag and SCE is given in table C-1. 

 

Table C-1. Potential scales (in mV) of three reference electrodes of SCE, Ag, Pt. 
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APPENDIX D 

SINGLE MOLECULE CONDUCTIVITY MEASUREMENTS: DATA ANALYSIS  

 

The STM-BJ experiments were carried out with a Molecular Imaging Picoscan 

(Agilent) microscope.  Several pre-amplifier with different sensitivity in range from 1 

nA/V to 1 μA/V were used.   STM software (PicoScan 5.3) drove the tip to approach the 

gold surface in the STM cell in a set bias voltage and setpoint (tunneling current).  In 

order to form single molecule/atom junctions, the tip was driven into contact with the 

substrate (saturated current) and pulled off at a sweep rate of about 16 nm/ s.  The start 

point to record the individual current-distance curves started from saturated current 

(where full contact between the STM tip and the substrate was stablished).  The current 

was monitored versus tip-substrate separation while the tip was retracted to break the 

contact.  The process of the forming and breaking of junctions was repeated many times 

and a large number of current-distance traces were recorded for statistical analysis.  

In order to generate each histogram, more than 1500 individual current-distance 

curves were collected without any data selection.  Current-distance curves were collected 

only when the individual curves showed current saturation (10 times bigger than the 

sensitivity of the employed pre-amplifier), followed by sharp decay of current after 

pulling the tip away from the surface.  As soon as the curves no longer showed current 

saturation at the tip-surface contact, we stopped recording data and repositioned the tip to 

restart data collection. 
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