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ABSTRACT 
 
 
The incorporation of molecules as low-cost and stable structures in electronic circuits is a 

promising strategy to miniaturize electronic components.  Although single-molecule 

electronics is still at an early phase, the investigation of charge transport through single 

molecules is fundamentally important to understand the relevant scientific concepts and 

technological applications.  In this dissertation, we measured and modulated the charge 

transport perpendicular to the plane of small benzene derivatives.  In contrast to the 

conventional strategy to link molecules to electrodes via anchoring groups, we used the 

electrode potential to control the geometry of molecules and to form the junctions through 

π-system-metal electrode interactions.   

Using a combination of electrochemical STM (EC-STM) imaging and STM-BJ methods, 

the measurement of charge transport through single, flat oriented tetrafluoroterephthalic 

acid (TFTPA) molecules on an electrified Au (111) electrode showed that, at potentials 

below the potential of zero-charge (pzc) of Au(111), the molecules lie flat on the electrode 

and form highly ordered structures.  The conductance of TFTPA, along the axis 

perpendicular to the benzene plane, is 0.24 ± 0.04 G0, consistent with reports for other 

molecules oriented flat in the junction.  The configuration dependent conductivity has been 

confirmed by first-principles non-equilibrium Green’s function computation performed by 

Professor John Perdew and Dr. Haowei Peng at Temple University.  Hence, the 

electrochemical surface potential can be employed to control the orientation of molecules 

to access a new charge transport measurement axis. 
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Building on our previous results (Chapter 3), we studied charge transport through two 

fundamentally important molecules, tetracyanoquinodimethane (TCNQ) and 

tetrafluorotetracyanoquinodimethane (F4TCNQ) to determine the effect of molecule-

electrode binding while maintaining the same core molecular structure.  The findings show 

that on the negatively charged Au(111), the flat-oriented TCNQ and F4TCNQ molecules 

exhibit similar but high conductance of ~ 0.22 ± 0.01 G0 and 0.24 ± 0.01 G0, respectively.  

In addition to the high conductance, two peaks at 0.02 G0, and 0.05 G0 were detected for 

both molecules, assigned to the bidentate-bidentate and monodentate-bidentate 

configurations.  Density functional theory (DFT) and non-equilibrium Green’s function 

(NEGF) calculations were performed by Professor Manuel Smeu and Dr. Stuart Shepard 

at Binghamton University to determine the conductance of four distinct molecular 

configurations.  The results show how the orientation of molecules in the junction and the 

molecule-electrode denticity influence the molecular orbital offsets relative to the Fermi 

level and the consequent charge transport.   

The electronic structure and charge transport through single molecules can be modulated 

using various functional groups.  Interestingly, our previous findings (Chapters 3, and 4) 

showed that the conductance perpendicular to the plane of TFTPA and TCNQ/F4TCNQ 

was similar to the parent molecules (TPA and TCNQ).  Thus, it appeared that fluorination 

did not significantly change charge transport properties perpendicular to the molecular 

plane.  Building on our previous studies, we measured the conductance through mesitylene 

substituted with electron-withdrawing groups (e.g., NO2, Br) or with electron-donating 

groups (e.g., CH3) to determine if other groups might impact conductance.  Our results 

showed that the conductance perpendicular to the molecular plane increases by introducing 
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electron-withdrawing groups and decreases as electron-donating groups are introduced to 

the mesitylene molecule.  Density functional theory (DFT) and non-equilibrium Green’s 

function (NEGF) calculations were performed to rationalize our experimental findings (By 

Professor Smeu and Dr. Stuart Shepard).  We demonstrated that the changes in the 

conductance perpendicular to the molecular plane correlate well with the Hammett constant 

of the corresponding functional groups, indicating the importance of the nature and strength 

of chemical substituents on the degree of conductance modulations at least for mesitylene 

derivatives. 

Following up on the modulation of charge transport through the intrinsic properties of 

molecules, we investigated the effect of solvent polarity on conductance of single 

molecules.  Particularly, we focused on charge transport through 

dimethylaminobenzonitrile (DMABN), a molecule that shows unique behavior, such as 

noticeable bulk electronic modulations in response to the physical properties of the solvents 

in which the molecule is immersed, e.g., dual fluorescence in polar environment, due to 

the stabilized intramolecular charge transfer (TICT) state.  Our charge transport results 

show that the conductance of DMABN in a polar solvent (acidified water) is ~ten times 

higher than the value observed in toluene (nonpolar solvent).  The conductance of a 

molecule with no TICT properties shows no solvent polarity-dependent conductance, 

indicating that the intrinsic properties of DMABN (i.e., the TICT effect) play a critical role 

in the enhanced conductivity in the polar solvent.  Molecular dynamics calculations 

(performed by Professor Manuel Smeu, and Dr. Stuart Shepard) suggest that the DMABN 

molecule can undergo internal rotation in the junction in polar solvents, result in a higher 

conductance compare to the planar geometry.  Our results demonstrate that molecules 
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exhibiting TICT properties can be promising candidates to design molecular devices with 

sensing and switching functionalities.   

The findings of this dissertation, in combination with the calculations (via collaboration 

with computational experts), show that the intrinsic and extrinsic properties of junctions, 

e.g., the geometry of molecule within the junction, the charge transport axis, the molecule-

electrode binding, the characteristics and electronic structure of the molecules investigated, 

and the physical properties of the environment, influence charge transport through single 

molecules.  This fundamental understanding and the ability to control charge transport 

through single molecules may allow the design of practical devices, e.g., large-scale 

molecular architectures and circuits, molecular switches, and sensors.   
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CHAPTER 1: INTRODUCTION 
 

This chapter presents fundamentals required to understand charge transport through atoms 

and single molecules.  Some parts of this chapter have been submitted as a review paper. 

 

1.1. Introduction 

The incorporation of organic molecules as small, low-cost, and stable structures in 

electronic circuits and their integration into complex architectures have been a desire of the 

nanoscale community for many decades.  At the atomic scale, where quantum physics plays 

a dominant role, the great varieties of physical and chemical properties of single molecules 

could result in numerous new and unique phenomena that are not accessible using 

conventional approaches.  In addition, molecular electronics provide ideal platforms to 

investigate one of the most ubiquitous and elementary processes, electron transport and 

transfer at the nanoscale.  Furthermore, the small size, as well as the ability to be 

functionalized and self-assembled, makes molecules promising candidates for the 

development of fast, low-cost, efficient, and high-density components.  Although the 

miniaturization of electronic circuits is still challenging, presumably due to either 

limitations in experimental techniques or a lack of structural-theoretical understanding of 

nanoscale-charge transport, there have been significant developments in both experiment 

and theory towards the design of practical devices over the past decade. 
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1.2. A Brief History of Molecular Electronics 

The first expression of molecular electronics concept could be attributed to the bottom-up 

approach introduced by Von Hippel in 1956 who described using atoms and molecules 

instead of prefabricated materials.1  In 1959, Jack Kilby, the 2000 Physics Nobel Prize 

winner, and Robert Noyce developed a method to integrate a great number of components 

into a circuit on a silicon substrate to develop smaller and faster devices with reduced 

production cost and higher reliability.2  In 1965, Gordon E. Moore’s insight, which later 

became a prediction (Moore’s Law), described that the number of individual components 

(e.g., transistors, diodes, resistors, etc.) in an integrated circuit had doubled every 1-2 years 

and predicted that this trend would continue (Figure 1.1).3  Moore’s law, which has been 

used for long term planning in the semiconductor industry, is reaching the limit of 

performance and downscaling of electronic features.  Therefore, the emergence of hybrid 

architectures with the incorporation of atoms, molecules, and nanoscale features is 

becoming more attractive for the next generation of functional electronic devices. 

 

Figure 1.1. Moore’s law:  Number of transistors per area doubles about every 1-2 years, the limit 
of miniaturization of transistors that can be fit on a circuit.  Data retrieved from “Transistor 
count”, Wikipedia, last modified August 11, 2020, https://en.wikipedia.org/wiki/Transistor_count 
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The illustration of molecular electronics, as we comprehend it today, was reported by Mann 

and Kuhn in 1971 for the first time.4  They employed the Langmuir-Blodgett technique to 

fabricate metal-molecule-metal junctions to measure the electrical current passing through 

fatty acid molecules.4  In 1974, Aviram and Ratner theoretically introduced the idea of a 

molecular rectifier using a charge transfer compound, which motivated the nanoscale 

community over the next few decades.5  In their proposed structure, a covalently linked 

molecule, with electron-poor (p-type) and electron-rich (n-type) subunits separated by 

sigma bonding, mimics a diode platform allowing for electrons to move preferentially from 

the donor to the acceptor.5  Although this idea impacted the scientific community at that 

time, the rectifying concept was not tested for many years due to the lack of relevant 

experimental approaches.   

The inventions of the scanning tunneling microscope (STM) by Gerd Binning and Heinrich 

Rohrer (Nobel Prize winners in 1986) at IBM in 19816-8 and the atomic force microscope 

(AFM) by Calvin Quate and Christoph Gerber,9 can be considered as the most significant 

breakthroughs in the history of molecular electronics.  STM and AFM have provided a 

practical approach to image single molecules and eventually to address atomic-scale charge 

transport. Since the 1990’s, many research groups have investigated and fabricated metallic 

contacts and nanoscale metal wires using the mechanically controllable break junction 

(MCBJ).10-12  The first experimental results of charge transport through a single molecule 

junction (symmetric junction) using the MCBJ technique was reported for benzenedithiol 

by the groups of Mark Reed and James Tour in 1997.13  Afterwards, in 2003, Xu and Tao 
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developed the scanning tunneling microscopy-break junction (STM-BJ) technique which 

is now used extensively for the reliable fabrication of single-molecule junctions and charge 

transport measurements.14   

As worldwide research in nanoelectronics area moved forward, many other fabrication 

techniques, e.g., noncontact junction formation15, 16 followed by novel single molecule 

transport phenomena, e.g., quantum interference,17-20 optoelectronics,21-23 spin transport,24-

26 etc., were discovered.  In addition, new materials possessing excellent stability and 

flexibility, were investigated to be used as a molecular core and electrodes instead of 

metals.27-33  Along with the above-mentioned evolutions, many challenges associated with 

chemical synthesis, e.g., constructing stable functional molecules with less resistive 

anchoring groups have limited the realization of molecular devices.  In parallel, 

experimental methods have faced challenges in the precise control of molecule-electrode 

contacts, atomic-level characterization of the structure of single-molecule junctions, and 

reproducible fabrication of multiple molecular junctions.  Over the past years, researchers 

have been attempting to move towards more complex structures, e.g., ensemble junctions 

involving more than 1000 molecules, as a potential strategy to transit from research 

laboratories to the practical application of molecular devices.34-37  

 

1.3. The Fundamentals of Nanoscale-Charge Transport 

The most fundamental questions to start the discussion include: “What is the conductance 

of an atomic contact?”, “What happens when a molecule is wired between two metal 

electrodes?” and “Does the molecule in the junction behave like an isolated molecule with 
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discrete energy levels?” Generally, in the charge transport regime when the size of the 

junction is smaller than the mean free path of the electrons, e.g., a junction composed of a 

few gold atoms, the conductance of the junction deviates from Ohm’s law.38  In the 

presence of the potential gradient induced by an applied bias, electrons cross the junction 

through ballistic transport (not diffusive transport), where there is no scattering, resulting 

in conductance quantization that is characteristic of an atomic size contact.  For the first 

time in 1965, Sharvin showed that the conductance of such a junction only depends on the 

electron density and contact area.39 There is a finite resistance for an atomic size conductor 

between two leads, defined as 1/G0= h/2e2 = 12.9 kΩ, where e is the electron charge and h 

is Planck’s constant.39      

 

1.3.1. Theoretical Description of Charge Transport in Molecular Junctions 

When a molecule bridges between two electrodes characterized by a continuum of energy 

levels (filled up to the Fermi level and empty above at 0 K), the discrete molecular orbitals 

broaden and shift as a result of molecule-electrode coupling to reduce the energy of the 

metal-molecule-metal junction.  The magnitude of the broadening and the shift are directly 

correlated to the strength of metal-molecule coupling.  In such an architecture, when the 

bias voltage is applied to the junction, the current flow between the electrodes occurs 

dominantly through either “direct” tunneling (coherent on-resonance tunneling/ballistic 

motion), (Figure 1.2 a), super-exchange (phase-coherent off-resonance/deep tunneling), 

(Figure 1.2 b), or hopping mechanisms (incoherent multistep transport), (Figure 1.2 c).40  

In the hopping mechanism, electrons can reside temporarily on the localized sites on the 

molecular bridge, where the probability of coupling with molecular vibration modes 
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increases, leading to elastic transport.  In the super-exchange mechanism, the energy levels 

of molecular orbitals are off resonance with respect to the energy of the tunneling electron.  

Therefore, the electrical transport depends on the molecular length.  In contrast, in the on-

resonant tunneling mechanism, the contribution of intermediate localized sites is negligible 

and tunneling is governed by delocalized molecular orbitals.  In this regime, the 

conductance is insensitive to the length of the molecule.  The tunneling mechanism can be 

described using different models including the Fowler-Nordheim, Simmons, and Borden 

equations.41, 42 

 
Figure 1.2. Molecular junction energy level diagrams: (a) Coherent direct resonant tunneling in the 
strong molecule-electrode coupling regime and high biases, where the molecular orbital energy 
overlaps with the Fermi level of electrodes due to the broadening.  Conductance in this regime is 
temperature independent. (b) Coherent off-resonant tunneling (super-exchange) in the strong 
coupling regime and at low biases, (c) Thermally activated hopping transport mechanisms, where 
an electron transports from the electrode through discrete energy steps within the molecule to reach 
the other electrode. 

 

1.3.2. Tunneling 

In the 1950s, Landauer employed the scattering (elastic) theory of transport to describe 

charge transport through a mesoscopic conductor connected to two ballistic metal 

electrodes (where charge carriers travel without scattering).43  The Fermi−Dirac 



 7 

distribution functions of the left and right electrodes, having different electrochemical 

potentials (𝜇%)	to drive electron flow, are defined as (eq 1.1 and 1.2):   

 

𝑓%(𝐸) = 1/ -exp 12345
678

9 + 1;            (eq 1.1) 

𝑓<(𝐸) = 1/ -exp 1234=
678

9 + 1;  (eq 1.2)  

 

According to the Landauer approach, if a small bias voltage is applied between the 

electrodes, the electrical current (I) passing through a molecular junction can be calculated 

as:  

 

𝐼 = 𝑉𝐺 = AB
C
	∫[𝑓%(𝐸) − 𝑓<(𝐸)]	𝑇𝑟 {𝜏%(𝐸)𝐺L(𝐸)𝜏<(𝐸)𝐺M(𝐸)}	𝑑𝐸  (eq 1.3) 

 

where Ga and Gr are advanced and retarded Green’s functions (the time-dependent 

correlation functions between two or more spatial locations or orbitals), respectively.42, 44, 

45  𝜏<(𝐸) and 𝜏%(𝐸)	are matrices that are associated with the coupling between the right 

and left metal electrodes and the molecule, respectively.  f(E) is the Fermi-Dirac 

distribution function for the left (L) and right (R) electrodes.46  Therefore, the conductance 

(G) of the entire system is the combination of all existing transmission channels.  Typically, 

the transmission function (describes the probability of wavefunction propagation in a given 

direction between electrodes) at the Fermi level is representative of the conductance of a 

single molecule at a small bias which is usually smaller than the quantum of conductance, 

G0.  The Fermi level of the electrodes, the orbital alignment relative to the Fermi level 
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(potential barrier height to the tunneling (eV)), the molecular length (barrier width (nm)), 

and the metal-molecule couplings are the most influential factors affecting the mechanism 

of transmission and charge transport through a metal-molecule-metal junction.42   

In a single-molecule junction when electrons do not interact with the molecule (e.g., no 

electron-phonon interactions), elastic or ballistic tunneling is the dominant transport 

mechanism.47  It has been shown that, in junctions with strong to intermediate molecule-

electrode coupling, electron density rearrangement occurs within the molecule as a result 

of interaction with the electrodes.48  Consequently, the energy levels of the molecule 

broaden and the molecular wave functions overlap significantly with the electrode density 

of states.48, 49  The consequence is coherent, resonant tunneling of an electron from one 

electrode to another, through a molecule in a single step (Figure 1.2 a).47  However, in the 

weak coupling regime, the molecular orbital energy does not broaden and remains well 

defined.  Therefore, the conductance is governed by a two-step process, from one electrode 

to the molecule and then from the molecule to the other electrode.   

 

1.2.3. Hopping 

The electron transport mechanism through a molecule can be affected by electron-electron 

or electron-phonon interactions that could lead electrons to spend more time in the 

molecule, slowing down the transfer.41  This result in inelastic transport, in contrast to the 

tunneling mechanism.  The charge carrier-phonon interactions are enhanced when the 

length of the molecule and temperature increase.50  This scenario is likely to happen when 

the coupling between the molecule and the electrode is weak, and there is a negligible 
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broadening of the electronic states.  Therefore, for electrons to be transported between 

electrodes through a molecule, they need to hop from the generated electrode to the 

localized intermediate states within the molecule, and then hop to another electrode in a 

multi-step process (Figure 1.2 c).48  This process will not occur unless the temperature or 

the gate voltage brings the molecular orbitals in resonance with the Fermi level of the 

electrodes.  In this condition, the conductance mechanism can be formulated as Ohm’s law 

(G=1/R=I/V).  Apart from the above-mentioned mechanisms, other charge transport 

regimes, e.g., Schottky emission, Poole-Frenkel conduction, and Richardson hot electron 

emission exist.42  Further information on these mechanisms can be found in the reviews by 

Metzger,42 Thoss and Evers,51 and Nitzan and Ratner.41, 52 

The mechanism of charge transport in a molecular junction is significantly dictated by the 

nature and the strength of the molecule-electrode interactions (coupling) and the 

consequent distribution of molecular orbital energies relative to the Fermi level.  Over the 

past decade, researchers have investigated the charge transport mechanism by studying the 

length and temperature dependence of conductance values in different molecules.53-56  

Wandlowski et al. reported the length-dependent conductance of a series of 

oligo(aryleneethynylene) (OAE) derivatives measured using the MCBJ method, showing 

that the transport mechanism transits from coherent tunneling to incoherent hopping in the 

molecules longer than ~ 3 nm (Figure 1.3 a).53  Likewise, in the combined experimental 

and theoretical study published by Xin and Guo et al., the temperature-dependent 

conductance of carbon electrode-diarylethene single-molecule junctions (UV-induced 

open and closed forms) were investigated.56  The results showed the transition of charge 
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transport from coherent tunneling (electrons retain their phase after going through a barrier) 

to incoherent transport (phase and energy of the tunneling electron change due to the 

internal electron-phonon interactions) due to the thermally activated vibronic coupling 

(Figure 1.3 b).56  Therefore, understanding the inherent properties of molecular orbitals and 

their relative energy levels is fundamentally important in investigating the charge transport 

mechanism and the development of molecular devices with different functionalities.  

 

 

Figure 1.3. Transition from coherent to incoherent tunneling: (a) Length-dependent molecular 
conductance of oligo(aryleneethynylene)s (OAEs) showing decrease in conductance as length 
increase and the transition from coherent tunneling (length dependent) to hopping (length 
independent) charge transport mechanism.53 (b) Temperature-dependent charge transport 
characteristics of graphene-diarylethene single-molecule junctions (GD-SMJs) for open and closed 
forms of molecules.56 

 

1.4. Molecular Junction Components and Literature Review 

Electron transport through a single molecule junction, and the overall performance of 

molecular-based electronic components, could be influenced by a range of variables, e.g., 

type of the electrode the anchoring groups that link the molecular backbone to the 

electrodes, and the atomic configuration at the electrode-molecule interface.  Furthermore, 
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charge transport can be affected by the electronic properties, the orientation, and the length 

of a molecule in the junction.  In addition to the above factors, one can employ external 

parameters, e.g., electric field, temperature, or solvents, to modulate charge transport 

through single molecules (Figure 1.4). 

 
Figure 1.4. Components of a single-molecule junction: Fundamental units: Electrodes (e.g., type of 
electrodes, Fermi level and stability in different temperature), anchoring groups (e.g., coupling 
stability, electrical resistivity), environment (e.g., solvent, temperature, external stimuli), and the 
molecular backbone (e.g., conjugation, length, symmetry). 

 

1.3.1. The Effect of Anchoring Groups on Single-Molecule Conductance 

Anchoring groups can be described as “alligator clips” that connect molecules 

mechanically and electronically to metal electrodes through donor-acceptor or covalent 

bonding.  An ideal anchoring group should provide 1- a reproducible and well-defined 

contact yielding minimal variations in the metal-molecule connection, 2- strong coupling 

and high junction formation probability, and 3- small resistivity at the molecule-electrode 

interface.  The conductance of a single molecule depends on the type of anchoring groups, 

the interactions between the molecules and the electrodes (coupling strength), and the 

position of anchoring groups on the molecule.  Several classes of anchoring groups have 

been investigated experimentally and theoretically in the past decade.  Previously, our 

group studied the single molecule conductance of metal-free porphyrin molecules 

terminated with a broad range of anchoring groups: sulfonate (−SO3−), hydroxyl (−OH), 
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nitrile (−CN), amine (−NH2), carboxylic acid (−COOH), benzyl (−C6H6), and pyridyl 

(−C6H5N) and introduced two novel anchoring groups, SO3- and OH, which have not been 

explored before).57  Among the above-mentioned groups, pyridyl and carboxylic acid 

terminated porphyrin junctions have the highest and lowest conductivity, respectively.  The 

highest conductivity of the pyridyl-anchored junction is due to the direct connection of the 

N atom to the phenyl ring of pyridyl, providing highest conjugation and shortest metal-

molecule distance.  In another systematic study, Chen and Tao et al. showed that the 

conductance of alkanes decrease in the sequence of Au-SH > Au-NH2 > Au-COOH due to 

the different electronic coupling and alignment of molecular energy levels relative to the 

Fermi level of the gold electrode.58  A similar trend observed by Hong and Wandlowski et 

al. showed that for tolanes attached to the gold electrodes, the conductance decreased in 

the following trend: SH > NH2 > Pyr ≫ CN, while the junction formation probability 

followed the Pyr > SH > NH2 > CN trend.59   

The chemical characteristic of anchoring groups can also dictate the dominant molecular 

orbital in the charge transport process.  For example, the conductance in a benzene ring 

anchored by -SR, -NH2, -PR2 and, -SeR groups, is mainly governed through the Highest 

Occupied Molecular Orbital (HOMO).60  However, when a phenyl ring is terminated via 

cyanide, isocyanide, carboxylic acid, and pyridine groups, the Lowest Unoccupied 

Molecular Orbital (LUMO) is the main transport channel.61-63  Therefore, along with their 

role in forming and stabilizing molecule-electrode junctions, anchoring groups play a key 

role in determining the charge transport characteristics. 
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In addition to the “chemistry” of a specific anchoring group, the local electrostatic 

environment of a molecule can be another determining aspect in the transport properties.  

Obersteiner and Zojer et al. theoretically investigated charge transport through molecules 

in a self-assembled monolayer (SAM).64  Their findings showed a different trend compared 

to previous studies: For junctions with (−S) and (−CH2S) anchored molecules in a SAM, 

the energy difference between the molecular orbitals and the Fermi level decreased 

compared to isolated molecules in the  junctions.  In the case of single molecule junctions, 

the conductance increased in the following sequence:  S ~ NC > Pyrad > CH2S ≫ Pyr.  

Electron donating groups, e.g., thiolate and methylthiolate, bring the HOMO closer to the 

Fermi level, promoting p-type or hole conductance, while electron withdrawing groups 

bring the LUMO closer to the Fermi level, promoting n-type electron transport.  However, 

for high molecular packing densities, as found in SAMs, the relevant transmission peaks 

shift to lower energies, and the trend changed to Pyrad > NC > Pyr > S ≫ CH2S.    Overall, 

variations in conductance values are attributed to a collective electrostatic effect that shifts 

the energy states.64  Therefore, the molecular conductance is affected not only by the choice 

of anchoring group, but also the interaction with neighboring molecules and molecular 

packing density. Although the charge transport through single molecules is not solely 

influenced by the type, strength, stability, position, and transparency (small contact 

resistance) of the anchoring groups, the discussed trends can serve as a guideline in the 

design and fabrication of molecular systems and practical electronic devices. 

 

1.3.2. Orientation Dependent Single Molecule Conductance 

Single molecule junction formation without involvement of anchoring groups 
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During the past two decades, the majority of research addressing single-molecule 

conductance has focused on conventional molecular junctions, where the molecule-

electrode contacts are made via anchoring groups that stabilize the junction by forming 

chemical bonds between the electrodes and the molecules.  However, a few studies have 

shown that the anchoring groups can also act as a resistive component, lowering the 

conductance.65  Therefore, single-molecule junction formation with no involvement of 

anchoring groups might be a viable strategy to fabricate conductive junctions.  This could 

be achieved through the hybridization of the delocalized π-system of a benzene ring with 

the metal density of states which suppresses the resistive effect of conventional anchoring 

groups such as thiols and amines, leading to highly conductive single molecule junctions.   

In 2008, Kiguchi and van Ruitenbeek et al, for the first time, reported a highly conductive 

single molecule junction by the direct binding of benzene molecules between two platinum 

electrodes under UHV at 4K, showing conductance values of 0.2-1.0 G0 depend on the 

atomic configuration of the junction (Figure 1.5 a).66  Two years later, they detected the 

formation of highly conductive benzene junction (0.2 G0) between silver electrodes under 

UHV at 10 K also as a result of strong interactions between π-system of the benzene ring 

and the electrodes (Figure 1.5 b).67  In addition to the benzene ring, Kiguchi reported high 

conductance junctions using C60,68, 69 naphthalene and anthracene molecules (at low 

temperature) due to the hybridization of π-orbitals with the metal (Figure 1.5 c, d).70  Yelin 

and Tal et al. reported the formation of highly conductive molecular junctions based on 

oligocene molecules with different lengths using a mechanically controllable break-

junction (MCBJ) set-up at 4.2 K (Figure 1.5 e).71  Their results showed that the fabricated 
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molecular junction is highly conductive due to the direct interaction of the benzene ring 

with the electrodes.  In addition, they found that the conductance Pt/oligoacene/Pt junctions 

can be independent of the length of molecules and reaches the upper limit (close to the 

quantum of conductance), depending on the choice of metal electrode.71  The majority of 

studies measuring charge transport perpendicular to the molecular plane were performed 

at low temperature and in vacuum environments.  In this dissertation, we will address the 

electrical conductance measurement through flat oriented molecules in room temperature 

and ambient conditions.  The concept, the strategy, and experimental results will be 

discussed in detail in Chapter 3. 

 
Figure 1.5. Charge transport measurement perpendicular to molecular plane: (a) Conductance 
histograms of Pt junction (black curve) and for Pt after introducing benzene (filled)(bias = 0.1 V).66 
(b) Geometry of benzene molecule between Ag electrode, leading to the conductance of 0.24 G0.67 
(c) Conductance histograms of Au and Ag junctions before (dotted line) and after (solid line) the 
introduction of C60.69(d) Illustration of a mechanically controllable break junction setup and 
conductance histograms of benzene (red), naphthalene (blue), and anthracene (green) at 300 K. 
70(e) The conductance of Ag/oligoacene and Pt/oligoacene junctions as a function of molecule 
length71 
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1.3.3. Denticity Dependent Single Molecule Conductance  

The atomic configuration at the metal-molecule contact could significantly alter the 

alignment of molecular orbitals relative to the Fermi level of the electrode with consequent 

effects on the charge transport mechanism.  Compared to the coupling of single anchoring 

groups on each side of a molecule to the electrode, molecules anchored to the electrode via 

more than one chemical/covalent bond can offer tunable junction structures.72, 73  Also, the 

denticity of the metal-molecule contact could affect binding energy, thermal and 

mechanical stability of the junction structure.  Therefore understanding the denticity and 

its effect on molecule metal coupling is required to design molecules that could serve as 

promising candidates for application in electronic components.74   

The thiol (-CSH) linker, one of the most frequently used anchoring groups in the fabrication 

of single-molecule junctions, provides stable and strong covalent bonds to Au electrodes.  

However, it is reported that more complex anchoring groups, e.g., carbodithioate (-CS2-) 

that can offer two covalent Au-S bonds, provide magnified electronic coupling between 

the molecule and the electrodes.73, 75, 76  This could broaden the density of states, decrease 

the gap between the main molecular transport channel and the Fermi level, and increase 

the conductivity of the molecule by a factor of ~ 50.74  In a collaborative experimental and 

theoretical study, we showed that replacing the thiol anchoring groups by carbodithioates 

provided a threefold increase of the electrochemically gated ON/OFF switch ratio in a 

redox active benzodifuran.77    In another study, using STM-BJ in conjunction with DFT-

NEGF calculation, Sebera and Hromadová et al. showed that the conductance of a 

tetraphenylmethane tripod molecule functionalized with three thiol moieties in the para 
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position can be tuned by changing the number of covalent bonds between the molecule and 

the electrodes.78  The results showed that when the entire molecule is bridged between 

electrodes (involving all anchoring groups), enhanced electronic communication and well-

defined directional self-assembly of molecules on the electrode result in a higher 

conductance value relative to other geometries with the less number of covalent 

attachments.78  Tuning the molecule-electrode electronic coupling by varying the 

anchoring group contact to the electrode, could be an efficient strategy to regulate the 

molecular orbital energy levels relative to the Fermi energy and consequent electrical 

charge transport.  In this dissertation, we will experimentally address, with theoretical 

support from our collaborators, the effect of the molecule-electrode denticity on charge 

transport through single molecules in Chapter 4. 

 

1.3.4. Effect of Chemical Substitution on Single Molecule Conductance 

Previous studies have shown that the presence different functional groups on the molecular 

core can affect the electronic structure, optical properties, and consequently the electrical 

conductivity of molecules.79-83  Venkatraman et al. showed that different chemical 

substituents can change the twist angle of biphenyldiamine molecules, affecting the charge 

transport through the junction formed by amine groups.79  Later, they showed, in a series 

of substituted benzenediamines, that electron-donating groups spread out electrons of the 

π-system of the benzene ring,  and drive the energy of occupied molecular orbitals up 

towards the Fermi level.  Therefore, the conductance of the junction increases due to the 

decreased energy gap between the HOMO and the Fermi level of the electrode.80  However, 

electron-withdrawing groups showed the opposite effect, by withdrawing sigma electrons 
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from the benzene ring, resulting in a lowered HOMO level and decreased conductance.80 

Therefore, electronic structure modulations using chemical substitutions impact the 

conductance of single molecules.   

The observed shifts in the conductance have been correlated with the change in the 

molecular ionization potential and Hammett constant (strength of electron-donating and 

withdrawing groups for meta and para substituents based on the ionization constant of a 

substituted benzoic acid in water).  The conductance decreases as the Hammett parameter 

moves towards more positive values (increasing ionization potential).80  Therefore, 

electron-donating and withdrawing substitution groups can regulate the charge transport 

through single molecules forming junction via anchoring groups.   

The manipulation of the electrical conductance through single molecules using chemical 

substitutions is understood only where molecular anchoring groups define the transport 

direction to be along the molecular plane.  The effect of chemical substitutions, and the 

correlation with the Hammett parameter, on the conductance perpendicular to the 

molecular plane, is unknown.  Building on our previous studies of charge transport through 

benzene derivatives (discussed in Chapters 3 and 4), we will investigate the effect of 

chemical substitutions on the perpendicular charge transport pathways in Chapter 5. 

 

1.3.4. Solvent Dependent Single Molecule Conductance 

Charge transport through single molecule-junctions is mainly governed by the intrinsic 

properties of a molecule, e.g., conformation, intramolecular interactions, molecule-

electrode binding, length of molecules, and the energy of the HOMO/LUMO relative to 
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the Fermi level of electrodes.  However, there are other extrinsic factors in the molecular 

junction architecture that could have a significant impact on the conductance of a single 

molecule.  Particularly, the majority of charge transport measurements have been 

performed in a solvent environment that could influence charge transport at the nanoscale.  

Despite the important role of solvent, its impact on single-molecule measurements has only 

been addressed in a few studies.  In a systematic study by Luka-Guth and Scheer et al., 

tunneling charge transport was measured in a series of typical pure solvents, e.g. 

mesitylene, 1,2,4-trichlorobenzene, toluene, ethanol, and the mixture of tetrahydrofuran 

(THF) and toluene or isopropanol, commonly used in single-molecule charge transport 

measurements.84  Interestingly, the results showed some solvent molecules yield 

conductance features, and are not suitable for single molecule conductance measurements.  

The analysis of series of I-V curves and modeling showed that mesitylene, toluene and the 

mixture of toluene/THF, are suitable for single molecule measurements as the majority of 

I-V curves did not fit well with tunneling models and their charge transport characteristics 

can be distinguishable from the functional molecule of interest.84   

The interaction of solvent molecules and the tip/electrode could have a significant effect 

on the resulting conductance of target molecules. In 2011, Fatemi and Venkataraman et al. 

measured the conductance of benzenediamine (BDA) in 13 different solvents revealing 

that the binding of solvent molecules to the gold electrode alters the probability of 

molecular junction formation as well as the work function of the gold electrodes.85  

Specifically, the relative energy alignment of molecular orbitals and the Fermi level of the 

electrode is tuned by the surface dipole moment induced by adsorbed solvent molecules, 
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leading to a change in conductance up to 50 % in some cases (Figure 1.6 a, b).  Later, 

Kotiuga and Neaton et al. reported the change in local potential induced by solvent on the 

transport properties of the junction formed by bipyridine.86  The calculation results 

predicted that the HOMO- and LUMO- mediated molecular junctions showed opposite 

responses to the solvent, concluding that the strategy of using different solvents can be 

employed to distinguish the charge transport mechanism.86  Milan and García-Suárez et al. 

showed that the conductance of oligoyne-based molecular wire strongly depends on the 

solvent medium.87  In mesitylene, the conductance of the whole series (n=2-5) was the 

lowest with the highest decay constant.  In contrast, 1,2,4-trichlorobenzene and propylene 

carbonate resulted in higher oligoyne-based molecular wire conductance values with a 

lower length decay constant (Figure 1.6 c).87  DFT calculations showed that the 

conductance and the decay constants depend on the relative position of the contact Fermi 

level within the HOMO-LUMO gap of the molecule.  These results demonstrate that the 

local environment of the target molecules, e.g., the solvent in which they reside, is an 

important variable determining their charge transport characteristics and its effect needs to 

be considered. 
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Figure 1.6. Solvent impact on single-molecule conductance: (a) Conductance histograms of BDA 
junctions in three solvents, (b) Conductance of BDA measured in 13 different solvents. The color 
indicates the type of functional group on the solvent molecule: green is Cl, red is Br, blue is I, 
orange is other. Inset: Example traces in each of the three representative solvents,85 (c) Plots of 
ln(conductance) as a function of junction length for the series of oligoynes (n=2-5) in mesitylene 
(MES), trichlorobenzene (TCB), and propylene carbonate (PC) as labeled.87 

 

The experimental observations combined with theoretical calculations suggest that in 

addition to the chemical and physical properties of molecules within a junction, interactions 

with solvent molecules, e.g., solvation and hydrogen bonding, can influence the charge 

transport.  While progress has been made, a more systematic framework is required to 

understand the role of solvent in charge transport through single molecules.  We will 

investigate electrical charge transport through molecules that show change in their bulk 

electronic properties in different solvents, which could impact their electrical conductance 

at the nanoscale in Chapter 6.  

 

1.4. Dissertation Outline 

The focus of the remainder of this dissertation will be as the following: 
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Chapter 2 presents the fundamentals, the experimental techniques, setups and procedures, 

as well as the data analysis methods employed in this research.  

Chapter 3 describes how the electrode potential can facilitate accessing different transport 

pathways through tetrafluoroterephthalic acid (TFTPA) in an electrochemical 

environment.   

Chapter 4 details our efforts in modulating charge transport through 

tetracyanoquinodimethane (TCNQ) and its fluorinated derivative, 

tetrafluorotetracyanoquinodimethane (F4TCNQ), by controlling the orientation of the 

molecules in the junction and their coordination to the metal electrodes.  

Chapter 5 uses the approach presented in Chapter 3 to probe the electronic characteristics 

of a series of single molecule junctions and study the effect of chemical substitution on 

perpendicular charge transport compared to the transport along the molecular plane. 

Chapter 6 describes our research investigating the electrical conductance through 

molecules that show bulk electronic structure modulations in different solvents, using the 

example of Twisted Intramolecular Charge Transfer (TICT) molecules.   

Chapter 7 summarizes the results of this dissertation, offers an outlook on future studies. 
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CHAPTER 2: FUNDAMENTALS, EXPERIMENTAL AND DATA 

ANALYSIS APPROACHES 

 
This chapter presents the working principles of the techniques, the experimental procedures 

and the data analysis approaches used in this dissertation.  Some parts of this chapter have 

been submitted for publication. 

All the imaging and charge transport measurements reported in this dissertation were 

performed using a scanning tunneling microscope at room temperature in ambient or 

electrochemical environments.  In this chapter, I will describe the fundamentals and basic 

principles of the scanning tunneling microscope, the experimental setup, the operation in 

electrochemical environments, the fabrication of single-molecule junctions, as well as the 

analysis methods used to interpret the single-molecule conductance data. 

 
 
2.1. Scanning Tunneling Microscope 

The atomic structure of materials determines their physical and chemical characteristics.  

In the past few decades, researchers have been devoted to developing a fundamental 

understanding of charge transport and the realization of electronic components at the 

molecular length scale.  The scanning tunneling microscope (STM) invented by Binning 

and Rohrer in 1982,7, 8 who received the Nobel Prize in 1986, has become one of the most 

versatile tools in nanoscience and has revolutionized science not only by providing 

resolution down to the sub angstrom level but also by making considerable contributions 
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to the understanding of electron transfer and the development of nano/molecular 

electronics research.   

2.1.1. The Fundamentals and Working Principles 

The working principles of the scanning tunneling microscope is based on the quantum 

mechanical tunneling effect.6  A sharp metallic wire (tip) approaches close (<1 nm) to the 

surface of interest (Figure 2.1 a), so that the electronic wavefunctions of the STM tip and 

the surface can overlap, allowing electrons to tunnel through the potential barrier (Figure 

2.1 b).  At zero bias voltage no net tunneling current should be observed, while when the 

bias voltage is applied, electrons can tunnel from the tip to the surface or vice versa 

depending on the direction of the applied bias.  As the tunneling current is an exponential 

function of the tip-sample distance (eq 2.1) (and the height of the barrier ϕ to electron 

transport (eq 2.2)), it is extremely sensitive to very subtle changes in the tip-sample 

displacement, providing precise measurement of surface properties and sub-atomic level 

resolution.     

𝐼(𝑑) = 	 𝑒3ARS  (eq 2.1) 

𝜅 = UAVW
ℏY

  (eq 2.2) 

d, and 𝛷 represent the distance between the STM tip and the substrate (barrier width), and 

the height of the energy barrier, respectively. 

To control the fine movement of the STM tip or the substrate (depends on the design of the 

instrument), the STM scanner incorporates a piezoelectric crystal to adjust the movement 

of the STM tip along X, Y, and Z directions by expanding or contracting based on the 
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magnitude of the applied voltage.  In this way, in constant current mode, the tip height (Z) 

is adjusted and monitored as a function of the lateral (X,Y) position, resulting in a 

topographic image of the surface (Figure 2.1 c). 

 

 

Figure 2.1. Principles of scanning tunneling microscopy: (a) Schematic of atomically sharp tip 
scanning across the surface, tip movement controlled by the piezo crystals, (b) Incident electron 
wavefunction passing through a potential barrier (the gap between the tip and the sample), resulting 
in weaker transmitted wavefunction that leads to a tunneling current, (c) The topographic 2D image 
of atomically resolved HOPG surface (5×5 nm2). 

 

2.1.2. Modes of Operation 

A scanning tunneling microscope can operate in two modes to produce a topographic image 

of the surface: constant height and constant current (the most widely used) modes.  In the 

constant height mode, the z-height of the tip is kept constant, and the current response as a 

function of the lateral position of the tip constructs the surface image.  The constant height 
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mode is faster than the constant current approach as the height of the tip does not need to 

be adjusted to maintain a constant tunneling current (no mechanical feedback loop is 

required).  However, constant current is only suitable for atomically flat surfaces as 

otherwise a tip crash with the substrate is unavoidable.  On the other hand, in the constant-

current approach, the tunneling current is kept constant by either approaching or retracting 

the tip along the Z-direction to maintain a pre-defined tunneling (setpoint) current.         

 

2.1.3. Electrochemical Scanning Tunneling Microscopy (EC-STM) 

In parallel with the development of the scanning tunneling microscope and its applications 

in surface studies under ultra-high vacuum (UHV) and air conditions, Richard Sonnenfeld 

and Paul K. Hansma introduced the concept of electrochemical scanning tunneling 

microscopy (EC-STM),88 later developed by Itaya and his colleagues,89 offering the 

opportunity to address the fundamentals of electron transfer processes and electrochemical 

reactions in the electrochemical environment of the metal-electrode interface.88, 89  

In EC-STM, a four-electrode system (Figure 2.2) consists of two working electrodes (the 

tip and the substrate), a counter electrode (CE) to complete the circuit and the flow of 

electrons, and a reference electrode (RE) against which to measure the potential of the 

working electrode.  A bipotentiostat controls the potential of the STM tip and the substrate 

independently and simultaneously with respect to the reference electrode.  In this 

configuration, to avoid Faradic currents (as a result of possible electrochemical reactions 

at the tip or substrate surfaces) and to have the tunneling current dominate the measured 

current, the STM tip needs to be covered by an insulating layer to minimize the contact 
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between the tip and the electrolyte, except for a tiny apex of the STM tip that remains 

outside of the coating layer.  With appropriate care and experience Faradic currents less 

than 10 pA (Bias=100 mV) are routinely achievable.   

 

Figure 2.2. Schematic of an electrochemical scanning tunneling microscope (EC-STM), 
incorporating working (WE), reference (RE), and counter (CE) electrodes.  The potentials of the 
two working electrodes (the STM tip and the substrate) can be independently controlled by a 
bipotentiostat. 

 

2.2. Charge Transport Measurement through Single Molecules 

The measurement of electrical current passing through a molecule requires a reliable and 

reproducible fabrication of an electric circuit including electrodes with a single molecule 

sandwiched between them.  The STM-break junction method developed by Xu and Tao in 

200314 is one of the most powerful and widely used techniques to fabricate single atom and 

molecule junctions.   

 

2.2.1. The Scanning Tunneling Microscopy-Break Junction (STM-BJ) Method 

The electrical conductance through a single molecule bridging between two electrodes can 

be determined by repeating the STM-BJ cycle, described as follows: The STM tip is 
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brought precisely into the tunneling distance with the substrate (through the controlled 

feedback loop) that is covered with the target molecules, either immersed in a solution, in 

ambient air/atmosphere or in a vacuum.  Then, the feedback loop is turned off and the tip 

is approached to the surface with a controlled tip traveling rate until the formation of a 

metallic contact with the substrate or until a pre-established limit of current is achieved.  

At this stage, the tip does not need to go closer/deeper than the distance required to form 

the single/few atom contact.  Next, the STM tip is retracted from the substrate, sometimes 

forming a single atom contact characterized by the quantum of conductance, G0.  As the 

metallic junction elongates and breaks, a nanogap forms between the substrate and the 

STM tip where the target molecule can be trapped (Figure 2.3).  As the tip moves further 

away from the surface, the molecule junction elongates, accompanied by microscopic 

evolutions within the molecule and the molecule-electrode interface.  Upon further 

stretching, the metal-molecule-metal junction breaks.  Although STM-BJ measurements 

are based on the formation of the contact between the tip and the substrate, the process can 

be controlled precisely using the tip approach rate, the pre-defined set point (tunneling 

current), and the applied bias.  Therefore, the formation of the tip-substrate contact can be 

a relatively gentle event and does not need to dramatically perturb the surface.   

In the STM-BJ process, while the tip is retracting from (or approaching to) the surface, the 

electrical current as a function of the tip-substrate distance is recorded.  The cycles of 

forming and breaking of the junctions are repeated many times and a large number of 

current-distance traces are recorded and used for further analysis to identify the most 

probable events.  In the first STM-BJ measurement Xu and Tao et al.  reported on charge 
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transport through a series of 4,4-bipyridine molecules in ambient conditions.14  The results 

show three well-defined peaks attributed to one, two, and three gold atoms in the junction.  

Also, three peaks in the smaller current regime, 0.01, 0.02, and 0.03 G0, two orders of 

magnitude lower than the quantum of conductance, were ascribed to one, two and three 

bipyridine molecules in the junction, respectively (Figure 2.3 b).14  Following this initial 

report, the STM-BJ method has become one of the most commonly used techniques and 

provides a straightforward approach for the measurement of single-molecule electrical 

properties by repeatedly connecting single molecules between electrodes.     

 

Figure 2.3. Schematic of the STM break junction process, characteristic current distance curves, 
and histogram analysis of single gold atom and single molecule junctions: (a) Procedure of 
formation and breaking of atomic and molecular junctions in STM-BJ method, arrows show the 
direction of tip movement, (b) A: Conductance of a gold contact formed between a gold STM tip 
and a gold substrate decreases in quantum steps (multiples of G0).  B: Conductance histogram 
constructed from current-distance curves show Au-Au peaks.  C: Conductance steps associated 
with molecules in the solution as a result of the formation of a molecular junction.  D: Conductance 
histogram revealing conductance peaks associated to one, two, and three molecules.  (E and F) no 
such steps or peaks in current-distance curves and the histogram.14 
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2.2.2. Challenges 

Although the STM-BJ technique might appear simple and straightforward, the details of 

the junction evolution and other microscopic events at the nanoscale are not well 

understood.  For example, the rearrangement of electrode atoms and conformational 

changes in molecules could result in fluctuations or jumps in the current plateaus, 

complicating the analysis and interpretation of the data.  In addition, molecules can bridge 

both electrodes before the electrode-electrode junction is broken (Figure 2.4 a), or a 

junction can break and reform during a single measurement (Figure 2.4 b) and sometimes, 

depending on the diffusivity and the coverage of molecules on the surface, more than one 

molecule could be trapped between the electrodes (Figure 2.4 c).  All these phenomena 

could affect the measurement, and their signatures have not been studied systematically.  

The combination of experiments with detailed and realistic calculations could offer 

explanations for such microscopic effects.  For example, in a combined experimental and 

theoretical study, Quek and Neaton et al. showed that unlike the Au-thiol junction, the 

amine-terminated molecules on the Au substrate represent a well-defined and flexible 

junction.90  Therefore, the local structure of amine-anchored molecules has a negligible 

impact on the charge transport, resulting in a narrow distribution of conductance values.90  

Such an in-depth and atomic scale understanding of junction structure and its correlation 

with transport properties is crucial in the interpretation of the conductance distribution, 

unreproducible results, and origin of discrepancy between experiment and theory.   
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Figure 2.4. Junction evolution and possible microscopic events: (a) formation of the molecular 
junction before the Au-Au junction breaks, (b) breaking and reforming the molecular junction while 
the tip is withdrawing (arrow shows the movement of the tip), (c) simultaneous formation of more 
than one molecular junction. 

 

2.3. Experimental Details and Procedures 

In this dissertation, a single crystal Au (111) disk electrode (10 mm diameter, 2.0 mm thick, 

MaTeck, Germany) was used as a working electrode for STM imaging and break junction 

experiments.  STM tips were prepared by electrochemically etching a 0.25 mm tungsten 

wire (0.25 mm diameter, Premion, 99.95%, Alfa Aesar).  Tips for single molecule 

conductivity (SMC) measurements were prepared by either electrochemically etching or 

mechanically cutting a gold wire (0.25 mm diameter, Premion, 99.998%, Alfa Aesar).  

Platinum wires (0.20 mm diameter, Alfa Aesar) were used as the reference and counter 

electrodes in electrochemical STM and SMC measurements.  All the tips were coated to 

limit the faradaic current to less than 10 pA at 0.1 V bias in an electrochemical 

environment.  The details of the tip fabrication and coating process are described in 

APPENDIX A.   

Prior to each experiment, the substrate, the Teflon cell, the O-ring as well as the reference 

and counter electrodes were cleaned by immersion in freshly prepared hot piranha solution 



 32 

(1:3 H2O2 (J.  T.  Baker, CMOS): H2SO4 (96%, J.  T.  Baker, CMOS)) for 1 h.  (CAUTION: 

“piranha” solution is a very reactive mixture! It must be handled with great care; use of 

protective equipment, such as gloves, goggles, and lab coat, is necessary.) Extensive 

rinsing by ultra-pure deionized (DI) water produced by a Thermoscientific Barnstead 

Easypure II purification system equipped with a UV lamp (water resistivity >18 MΩ.cm) 

was followed by boiling in DI water for 5 minutes.  To avoid contamination while 

transferring these pieces for cell setup, the gold crystal, the O-ring and the Teflon holder 

were covered in DI water.  A hydrogen flame was used to anneal the crystal, followed by 

quenching in hydrogen-saturated ultrapure DI water.  Then the cell was quickly assembled 

into the electrochemical cell, and in case of measurements under electrode potential 

control, H2SO4 (0.05 M) was added to cover the working (Au (111)), reference and counter 

electrodes.  Afterwards, the proper amount of solution of target molecules (usually 2-5 

droplets) were added to the STM cell containing the electrolyte.  All potentials (VSCE) are 

reported with respect to the saturated calomel electrode. 

 

2.4. Data Analysis 

2.4.1. One-Dimensional Conductance Histogram 

A one-dimensional conductance histogram represents the frequency with which specific 

current values (or ranges of current values) are detected in current-distance curves.  In the 

counts vs.  current (conductance) histogram, the most probable current (conductance) value 

usually is manifested as a well-defined peak.  Fitting these peaks provide a quantitative 

analysis of the conductance value of the molecular junction.  The application of 1D 
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histograms using individual current-distance curves was reported for the first time by Xu 

and Tao et al.  to identify the conductance value of a series of 4,4-bipyridine molecules.14 

In this dissertation, we used the same approach to create histograms, typically from more 

than 3000 curves recorded in the course of each experiment and screened using a procedure 

written in the Igor Pro software that rejects all traces that do not reach the saturation current 

(the maximum current measured by the preamplifier).  The binning of the selected current-

distance curves along the current (conductance) axis (either linear or log-scale) results in 

the appearance of the most dominant conductance peak.  The conventional 1D-histograms 

are based on a mean value of the current associated with a distinct junction configuration.  

Therefore, the resulting peak is not sensitive to different shapes and lengths of the plateaus 

in current-distance traces that may contain important information about the target 

molecular system.  Hence, a complementary visualization analysis is required to overcome 

the shortcomings in 1D histograms. 

 

2.4.2. Two-Dimensional (2D) Conductance Histogram 

Two-dimensional (2D) histograms can provide more information about the tip 

displacement and the junction elongation by considering the length of the plateaus in the 

analysis, and binning current-distance curves along both conductance values and tip-

substrate (displacement) distances.91, 92  On the basis of a 2D histogram, junctions 

corresponding to distinct situations (e.g., different orientation of molecules, different 

molecule-electrode binding) with similar (close) conductance values, can be distinguished 

by the second dimension, e.g., the length of plateaus.  The 2D-histogram can be generated 

by overlaying all current-distance curves.  However, since the breaking of the gold-gold 
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and molecular junctions occurs at different tip-substrate displacements for every current-

distance trace, all curves need to be aligned to start from the zero-distance coordinate 

before plotting the 2D histogram.  In this approach, a molecular plateau is manifested as a 

color-coded binned cloud, where the average length of the junction can be deduced.  

Besides, other information, e.g., the stability of the molecular junction,93 and switching 

between multiple conductance states,94 can be studied by investigating the voltage-induced 

breaking and junction rupture probability using 2D histograms.    

 

2.4.3. Data Selection 

The 1D and 2D histograms can provide information about the molecular junction and its 

conductance value.  However, in these analysis methods, some events with a relative low 

probability might be lost in the background noise and ignored.  To overcome these 

limitations, one analysis approach is to select traces containing clear molecular features 

from the entire data set and to remove exponentially decaying current-distance curves and 

traces including plateaus whose length or conductance are not within the expected range 

(more details in Appendix B).  This selection can be performed by hand, e.g., by screening 

many individual current-distance curves and looking for molecular features (manual-

selection), or by using different selection algorithms.  In my research, I performed manual 

data selection in some experiments where the data were complex, and the current traces 

consisted of plateaus with different range of current values.  To back up the manual data 

selection and to confirm the data selection results, we collaborated with Professor Tim 

Albrecht to employ his machine-based clustering method, as described in Chapter 4.  The 

following section summarizes the details of the machine-based data sorting algorithm.   
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2.4.4. Multi-Parameter Vector-based Classification (MPVC) 

MPVC is essentially a dimensionality reduction technique that translates higher-

dimensional current-distance (or similar) data into a low-dimensional classifier, while 

preserving as much relevant information as possible.95  Data traces that are similar to each 

other in the original data space are expected to be in close proximity in the lower 

dimensional MPVC representation as well.  This means they can subsequently be clustered 

and separated, allowing for detailed analysis and quantification of potential sub-

populations present in the original dataset.  Specifically, all three classifiers used in this 

approach, the vector distance ΔX, the cosine of the vector angle cos(θ) and the reduced 

Hamming distance dham, are calculated relative to a common reference trace R (Figure 2.5): 

 

∆𝑋 =
U∑^_ (`a3<)Y

b
          (2.3a) 

𝑐𝑜𝑠(𝜃) = − (`a3<)⦁<
|`a3<|∙|<|

        (2.3b) 

𝑑CLV = 𝑝𝑎𝑖𝑟𝑤𝑖𝑠𝑒	𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒(𝑠𝑖𝑔𝑛(𝑅), 𝑠𝑖𝑔𝑛(𝐼s − 𝑅),t ℎ𝑎𝑚𝑚𝑖𝑛𝑔′)  (2.3c) 

 

where the pseudo-code in eq. (2.3 c) is a proxy for calculating the fraction of signs in the 

vector components that are different for the two vectors.  The components of R do not 

change sign, but those of In-R do, because the current trace could be above or below R.  In 

this research, R was determined from the median of all data traces measured on the bare 

gold substrate.  The result of this analysis will be discussed in Chapter 4.  
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Figure 2.5. Summary of multi parameter vector based classification analysis: Chart of the MPVC 
process, illustrating the philosophy behind MPVC; (g) Vector representation of the four simulated 
traces; (h) cylindrical representation of different conductance clusters.95 

 
In this chapter we discussed the fundamentals of scanning tunneling microscopy (STM) 

and the break junction (BJ) methods.  Also, the statistical approaches employed to analyze 

the data (current-distance curves) including 1D, 2D histograms and MPVC analysis were 

described.  This information is required to understand the data interpretation and 

discussions in the future chapters.  Details of tip making, and data selection criteria are 

discussed in Appendices A and B.     
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CHAPTER 3: POTENTIAL-INDUCED HIGH-CONDUCTANCE 

TRANSPORT PATHWAYS THROUGH SINGLE-MOLECULE 

JUNCTIONS 

 
This chapter presents the experimental study of charge transport through orientation-

controlled molecules combined and supported with a first-principles nonequilibrium 

Green’s function (NEGF) computation.  The findings of this study are published in ref 37. 

NEGF-DFT calculations were performed by Dr. Haowei Peng and Professor John Perdew 

at Temple University. 

 
 
3.1. Introduction 

Single molecules can potentially be employed as building blocks in miniaturized electronic 

devices.96, 97 Understanding and controlling the charge transport through single molecules 

are essential steps toward fabricating such building blocks. The nature of contact between 

molecules and electrodes can be considered as one of the most influential factors affecting 

charge transport through single molecule junctions. In a typical junction structure, the 

mechanical and electrical connections of molecules to the electrodes are made through 

anchoring groups essential to provide 1- a reproducible and well-defined contact yielding 

minimal variations in the metal-molecule connection, 2- strong coupling and high junction 

formation probability, and 3- small resistivity at the molecule-electrode interface. 

However, a few studies have shown that single molecule junctions can be formed without 

anchoring groups, e.g., through the hybridization of the delocalized π-system of a benzene 

ring with the metal density of states.66-69, 98, 99  This approach could result in controllable 



 38 

and programmable molecular orientation in the junction compared to conventional 

junctions formed via anchoring groups, leading to charge transport measurements 

perpendicular to the molecular plane and highly conductive single molecule junctions. 

In 2008, Kiguchi and van Ruitenbeek et al, for the first time, reported the single molecule 

conductance measurement of benzene molecules sandwiched between two platinum 

electrodes under UHV at 4K, showing conductance values of 0.2 and 1.0 G0 for a tilted 

geometry and benzene plane perpendicular to Pt electrodes, respectively.66  (The Pt–Pt 

contact was assigned a 1.3 G0 value).  Later, a few studies reported charge transport 

measurements perpendicular to the plane of benzene derivatives, e.g., naphthalene, 

anthracene, and C60 molecules bridged between different electrodes (e.g., Ag, Au, etc.) 

under UHV at low temperature.67-71  The overall results showed that charge transport can 

be measured along a different axis, i.e., perpendicular to the molecular plane, resulting in 

highly conductive molecular junctions due to the direct interaction of the π-system of the 

molecules with the electrodes.  

 
 
3.1.1. Novel Strategy to Measure Charge Transport Perpendicular to the Molecular 

Plane 

Although the majority of studies reporting charge transport perpendicular to the single-

molecule junctions were carried out at low temperature for increased stability, we 

introduced a novel strategy to access, in ambient temperature and pressure, the high 

conductance channel in the molecular junctions where no anchoring groups are involved.100  

Using this approach, charge transport perpendicular to flat-lying mesitylene molecules, 
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whose geometries are stabilized through the formation of an ordered molecular network, 

were measured resulting in a conductance of 0.13 G0.100  The STM images recorded after 

the break junction process showed the formation of holes and defects within the ordered 

structure with the size of one or a few mesitylene molecules, which further supports that 

the most probable geometry of the molecule within the junction is flat and the charge 

transport is measured through the π-system of the central ring.100  In addition, this 

observation demonstrates the minimal perturbation of the molecular network as a result of 

the junction formation (Figure 3.1).100  Later, Kiguchi et al. reproduced the room 

temperature mesitylene experiment using STM-BJ and I-V analysis, detecting two 

conductance values of 0.1 and 0.03 G0 assigned to the flat and tilted geometry of the 

molecule in the junction.101  A theoretical study of charge transport perpendicular to the 

mesitylene plane showed similar results for the single-molecule and the monolayer, 

consistent with the experimental value (~0.13 G0).102  Therefore, it appears that the 

formation of a highly ordered molecular network stabilizes the molecular orientation and 

facilitates the charge transport measurement through the direct interaction of the 𝜋-system 

of a ring with an electrode, resulting in a highly conductive single-molecule junction even 

at room temperature.  
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Figure 3.1. STM and SMC of mesitylene on Au(111): (a) STM images 6 × 6 nm2 with superimposed 
mesitylene structure; Vbias=-0.10 V (b) current histogram of STM-BJ in mesitylene at Vbias= - 0.10 
V, (c) STM images of mesitylene after running STM-BJ experiment, Vbias= - 0.10 V, 20 × 20 nm2. 
Figure is adopted from reference.100 
 

3.2. Potential Induced High Conductance Pathways 

It appears that if one can force the benzene derivatives to form an ordered structure in a 

flat orientation, the geometry of the molecule can be retained in the junction and a 

perpendicular charge transport pathway could be achieved.  In this study, we investigate 

the charge transport through potential-induced flat-oriented single molecules. In this 

scenario, hybridization of the delocalized π system of the benzene ring with the metal 

density of states enables charge transport measurement perpendicular to the benzene ring67, 

98, suppressing the resistive effect of conventional anchoring groups such as thiols and 

amines, leading to highly conductive single molecule junctions. Previous studies have 

shown that measuring conductance perpendicular to the benzene ring results in high 

conductance values99, 103-105 while the conductance of other single benzene derivatives 

connected to the electrodes by anchoring groups is at least one order of magnitude lower 

(typically 10−2−10−4 G0).58, 106-108 
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Using a combination of electrochemical STM (EC-STM) and STM-BJ methods, as well as 

first-principles non-equilibrium Green’s function (NEGF) computation, we report the 

measurement of charge transport through single tetrafluoroterephthalic acid (TFTPA) 

molecules adsorbed with the benzene ring lying flat on a negatively charged Au (111) 

electrode. TFTPA belongs to the family of small aromatic molecules with carboxylic acid 

functional groups capable of forming intermolecular hydrogen bonds which can lead to 

large ordered-structure domains on Au(111). The adsorption geometry of TFTPA 

molecules on the gold surface can be controlled using the electrode potential, allowing 

charge transport to be measured along a specific axis of the molecule as determined by the 

orientation of the molecule in the junction. Ultimately, surface potential-controlled 

orientation and conductance could be a convenient strategy to design electrochemical 

single molecule switches.  

 
3.2.1. EC-STM of TFTPA at Au(111)/H2SO4 Interface 

Scanning tunneling microscopy was performed in electrochemical environments to explore 

the structure of TFTPA on the surface of Au(111) in 0.05 M H2SO4 at negative and positive 

potentials. Previous studies have shown that the order/disorder transition and the control 

of molecular orientation can be achieved through electrode potential modulation. The 

negatively charged electrode supports an ordered network of flat-lying molecules, while 

the molecules are disordered, and likely vertically oriented109, 110 on the positively charged 

electrode. Our EC-STM images show the first successful in situ STM imaging of long-

range ordered domains of TFTPA molecules in an electrochemical environment under 

potential control (Figure 3.2 a). A closer look at the zoomed-in STM images along with 
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cross-sectional analysis in different directions (Figure 3.2 b) reveals that the dimension of 

observed features on the surface is consistent with the estimated size of TFTPA (~0.7 nm 

x ~ 0.5 nm), suggesting that the TFTPA molecules are arranged parallel to the negatively 

charged surface in a pattern of long lateral stripes on the gold electrode.  

The adsorption of TFTPA and the formation of ordered structures are facilitated by two 

factors. First, the Au (111) is negatively charged, driving the adsorption of TFTPA through 

interactions with the delocalized π-electron system as is commonly observed for aromatic 

molecules.109, 111 The appearance of the herringbone reconstruction pattern on the 

negatively charged gold surface can be easily observed (Figure 3.2 a), suggesting 

physisorption (weak electrode-molecule interaction) of TFTPA on the electrode and that 

charge transfer is limited, consistent with the CV discussed later.112 Second, hydrogen bond 

formation between carboxylic acid functional groups of TFTPA and donor-acceptor 

fluorine-fluorine interactions provide attractive forces113, 114 (Figure 3.2 c) promoting the 

formation of an ordered supramolecular structure of TFTPA on gold. Sweeping the 

electrode potential to values more positive than the zero-charge potential of the bare Au 

(111) (0.32 VSCE for the reconstructed Au(111)–(22×√3) and 0.23 VSCE for Au(111)–

(1×1))115 triggers an order-disorder transition, as a result of chemisorption of carboxylic 

acid groups to the gold surface, leading to the immobilization of molecules.109 Therefore, 

the molecular layer is not ordered as the bare Au(111), gold islands and disordered layer 

can be observed at positive potentials (Figure 3.2 f).  
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Figure 3.2. STM images TFTPA order−disorder transition: STM images of TFTPA/0.05 M H2SO4 
on Au(111) at VS =0 VSCE, Vbias = −0.03 V, (a) scan area 60 × 60 nm2, (b) Scan area = 15 × 15 nm2, 
(c) The proposed structure of TFTPA in ordered molecular network, (d) Cross section of the ordered 
structure in the direction specified by the green line, (e) Cross section of the ordered structure in 
the direction specified by the red line, (f) STM image at VS = 0.65 VSCE, Vbias = 0.06 V, scan area 
100 × 100 nm2. All images were acquired at It = 0.1 nA. 
 

3.2.2. Cyclic Voltammetry (CV) of TFTPA at Au(111)/H2SO4 Interface 

Cyclic voltammetry (CV)  supports the observed dynamics of surface reconstruction and 

the adsorbed molecules, e.g., possible phase transitions of molecular adlayer as the 

electrode potential changes.116 The CV of Au(111)/H2SO4 and TFTPA/Au(111)/H2SO4, 

recorded in the STM cell with platinum reference and counter electrodes in a potential 

range where no oxidation or reduction process occur, shows multiple features (Figure 3.3 

b). Two peaks P1 (cathodic) and P'1 (anodic) observed in the CV of Au (111) at 0.2 VSCE 

(the potential referenced to the saturated calomel electrode) can be ascribed to the transition 

between the (22×√3) reconstruction (Figure 3.3 a) and the (1×1) unreconstructed phase of 

Au(111) (Figure 3.3 b, dashed line).117  These peaks are highly sensitive to the orientation 



 44 

and the quality of the single crystal surface. Once the reconstruction is lifted, the sulfate 

ions start to adsorb resulting in two sharp peaks around 0.8 VSCE. The appearance of this 

reversible peak indicates that the surface is free of contamination.118 As the electrode 

potential is swept back to more negative values, the herringbone reconstruction starts to 

recover (P'1) but is not as complete as in the first scan as the recovery of the herringbone 

reconstruction is a diffusion-controlled process and it takes time to be completed.115, 119, 120 

The CV of TFTPA/Au(111) (Figure 3.3 b, solid line) shows cathodic/anodic peaks P2/ P'2 

around 0.4 VSCE consistent with the reversible order/disorder transition of TFTPA on the 

gold surface. The appearance of P1 and P'1 implies that adsorption of TFTPA on Au(111) 

does not lift the reconstruction (consistent with Figure 2a, discussed before) and there is 

little charge transfer between the molecule and the electrode. 

 

 
Figure 3.3. Herringbone reconstruction on Au(111) and CV representing order-disorder transition: 
(a) STM image of bare Au(111)/0.05 M H2SO4 at VS =0 VSCE, Vbias = −0.03 V, scan area 100 × 100 
nm2. (b) Cyclic voltammograms of a freshly prepared, flame-annealed bare Au(111) electrode in 
0.05 M H2SO4 aqueous electrolyte (dashed line) and 0.1 mM TFTPA in 0.05 M H2SO4 aqueous 
electrolyte (solid line). The potential sweep rate was 100 mV·s −1. 
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3.2.3. Electrochemical Single Molecule Conductance (EC-SMC) Measurements of 

TFTPA at Au(111)/H2SO4 Interface 

The single molecule conductance measurements of TFTPA on Au(111) surface were carried 

out using the STM break junction method in an electrolyte under surface potential control 

in the current range of 0-10000 nA (A 1000 nA/V gain current preamplifier was used for 

all SMC measurements). Close examination of more that 3000 current-distance data 

reveals that there are four types of traces. Some traces showed clear single steps around 1.8 

μA (type I) and 7.75 μA (type II) corresponding to the molecular junction and the gold-

gold atomic junction (quantum of conductance: G0= 2𝑒Aℎ = 7.75	 ×	103�	𝑆 

characteristic of single gold atom wires121), respectively. Some of the curves show two 

steps (type III) suggesting both molecular and atomic gold junctions. The rest of the curves, 

the vast majority (~80%), were simple exponential decays suggesting unsuccessful 

molecular junction formation (type IV) (Figure 3.4 a). 

To find the most probable conductance of the single molecule junction, 1D and 2D current 

histograms were constructed, showing two well-defined peaks at 0.24 ± 0.04 and 0.98 ± 

0.03 G0 (Figure 3.4.b). The error bars represent the standard deviation of the conductance 

values determined in five different experiments. We attribute the 0.24 G0 to charge 

transport through the benzene ring of TFTPA lying flat on the surface.  
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Figure 3.4. Charge transport measurement perpendicular to TFTPA plane: Sample STM-BJ data 
and the current histogram showing TFTPA and gold−gold junctions. (a) Typical individual 
current−distance curves collected in 0.05 M H2SO4 at VS =0 VSCE and Vbias = 0.10 V attributed to 
molecular junctions (red, type I), gold junctions (green, type II), molecular junctions and gold 
junctions (blue, type III), and empty junctions (gray, type IV). (b) One-dimensional current 
histogram measured in 0.05 M H2SO4 with 0.1 mM TFTPA at VS =0 VSCE and Vbias = 0.10 V. The 
solid line is a Gaussian profile used to accurately determine the peak positions (black). (c) Two-
dimensional current−distance histogram plotted using the same number of curves as for the 1D 
current histogram. The histograms in b and c are based on 615 curves out of 3075 recorded. 
 

The assignment of the 0.24 G0 feature to a molecular junction due to the hybridization of 

the delocalized π system of the molecule orbitals with the metal density of states is 

supported by the immobilization of TFTPA in a flat orientation in the molecular network 

observed by the STM images. Statistical analysis of current histogram shows that the 

majority of current-distance curves (~80%) contain plateaus corresponding to the gold 

atom quantum of conductance. The rest of the current-distance curves (~20%) contain 

molecular features which demonstrate that proper experimental conditions to form 

successful junction with flat oriented benzene ring of molecules were achieved. 

Furthermore, the 2D histograms exhibits two clear features with length in order of 0.2 nm 

assigned to the gold junction and the molecular junction. The length of the molecular 

junction is consistent with flat oriented molecules supporting the junction formation 

through the π-system of the flat oriented benzene ring of the molecule on the surface. 

Ultimately, this orientation leads to high coupling between the molecule and the electrode, 



 47 

a decreased junction length and associated resistance. This high conductance peak (0.24 

G0) disappeared at positive electrode potential (Vs= 0.65 VSCE), where no ordered structure 

or flat-oriented molecules were observed, demonstrating that under these conditions no 

molecular junction formed with TFTPA in the flat configuration (Figure 3.6 d, will be 

discussed later).  

STM-BJ experiments with different biases showed that the observed conductance is bias 

independent and represents the conductance of TFTPA. The 0.98 G0 peak corresponds to 

charge transport through the Au-Au junction.14 

 
Figure 3.5. Histogram analysis of STM-BJ experiments of TFTPA carried out at different biases, 
VS = 0 VSCE: (a) All data 2251 curves at Vbias= 0.05 V (b) Data selection of 615 curves out of 3075 
curves at Vbias= 0.10 V (c) Data selection of 427 curves out of 1539 curves at Vbias= 0.15 V (d) linear 
fitting of TFTPA current vs sample bias. Error bars are the full width at half maximum (FWHM) 
of each peak as it appeared in the conductance histograms constructed at different biases. 
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3.2.4. Dominant Molecular Orbital in Charge Transport Mechanism 

To determine the dominant molecular orbital in the tunneling process, we performed a 

series of STM-BJ experiments on TFTPA at different electrode potentials. The results 

showed that as the Au electrode potential becomes more positive, the conductance value of 

TFTPA decreases suggesting that the Fermi level of the gold electrodes is moving away 

from the conductance mediating molecular orbitals of TFTPA (Figure 3.6).122  

 
Figure 3.6. Histogram analysis of the STM-BJ experiments on TFTPA carried out at Vbias= 0.05 V 
at different sample potentials: (a) Data selection of 394 curves out of 1519 curves at VS= 0.1 VSCE 
(b) Data selection of 510 curves out of 2241 curves at VS= 0.20 VSCE (c) Data selection of 561 
curves out of 2268 curves at VS= 0.35 VSCE (d) 829 curves out of 2548 at VS= 0.65 VSCE. black line: 
Gaussian fitting of conductance peaks. Insets are 2D current histograms constructed from the same 
number of curves used for 1D histograms. 
 
 
The observed trend above points to the LUMO as a major channel and mediating orbital in 

charge transport through single TFTPA molecules (Figure 3.7). According to the analysis 
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of junction length based on 2D histograms (Figure 3.6 insets) the length of the molecular 

junctions did not change while the electrode potential swept to Vs=0.35 VSCE, exhibiting 

stable flat orientation on the surface. However, the high conductance peak and the 

molecular junction feature associated with the flat orientation were not observed at VS=0.65 

VSCE consistent with the lack of ordered structure in the STM images at positive electrode 

potentials. 

 
Figure 3.7. TFTPA conductance as a function of electrode potentials: (a) Linear fitting of TFTPA 
conductance value extracted from current histogram at different electrode potentials, error bars are 
the full width at half maximum (FWHM) of each peak, (b) Schematic of the variation of the Fermi 
level, with respect to the HOMO and LUMO, as a function of electrode potential. As the as the 
electrode potential moves to more positive values, the separation between LUMO and the Fermi 
level increases. 
 
 
3.2.5. Comparison with STM and BJ Measurements of Other Benzene Derivative  

To provide conclusive experimental evidence that we measured the conductance via direct 

Au–π contact, the experimental results in this dissertation are compared and contrasted 

with the STM and SMC measurements of terephthalic acid (TPA) (Figure 3.8. c, inset), 

which is similar to TFTPA, forms a long range ordered adlayer with the benzene ring lying 

flat on the negatively charged Au(111).123  The high-resolution STM images indicate linear 

stripes (Figure 3.8 a) formed by planar-oriented TPA molecules aligning end to end with 
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hydrogen bonds between the carboxylic groups.124 Histograms of current-distance curves 

measured on the negatively charged Au(111) in the presence of the planar-oriented TPA 

ordered structure reveal a conductance peak at 0.22 ± 0.02 G0 (Figure 3.8 b)124 at least two 

orders of magnitude higher than the experimental values reported in literature for TPA, 

presumably anchored in the junction via its carboxylic acid groups.108, 125 However, the 

high conductance peak (0.22 G0) disappeared at positive electrode potentials (Figure 3.8 c) 

where the molecular adlayer was disordered, suggesting that no molecular junctions 

formed with TPA in the flat configuration in these conditions.124 The repeatedly observed 

high conductance peaks (0.24 G0 and 0.22 G0 for TFTPA and TPA, respectively) under 

conditions that provide the planar orientation of the benzene rings on the gold substrate 

confirm that the most likely charge transport pathway is perpendicular to the benzene ring, 

resulting in the high conductance peaks. 

 

Figure 3.8. STM image and conductance histograms of TPA measured at negative and positive 
electrode potentials: (a) STM image of TPA/0.05 M H2SO4 on Au (111) at VS= -0.10 VSCE, scan 
area 10×10 nm2. (b, c) All-data point EC-STM-BJ current histograms of TPA collected on Au(111) 
electrode without any data selection at (b) VS= -0.10 VSCE. Inset: Example of individual current-
distance traces collected on negatively charged Au(111). Gray: No atomic/molecular junction 
formed, Green: gold junctions and red: gold and molecular junctions. (c) VS= 0.70 VSCE. 
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3.3. Control Experiments 

3.3.1. TFPTA in 0.05 M H2SO4 on Negatively and Positively Charged Au(111) in 0-

100 nA 

As a control, and to investigate the possibility of the junction formation in other molecular 

orientations, we measured current-distance curves TFTPA in solutions in the negative 

(Vs=0 VSCE, where the molecules are flat-oriented on Au(111)) and positive (Vs=0.65 VSCE, 

where no order structure is observed ) electrode potentials at the lower current range.  The 

current histograms at the negative potential (Figure 3.9 a) did not show any well-defined 

peaks corresponding to the charge transport through molecular junctions, supporting our 

hypothesis that flat-oriented molecules on the negatively charged surface facilitate the 

charge transport perpendicular to the molecular plane and the detection of high 

conductance values (above 100 nA).  Measurements at positive surface potential, where 

molecules might be adsorbed in random orientations on the surface, did not show well-

defined peaks either (Figure 3.9 b), presumably due to the formation of a broad range of 

molecular junctions with different orientations and conductance values. 
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Figure 3.9. Control experiments of single molecule conductance of TFTPA on Au (111) at lower 
current: (a) All curves (2123)1D current histogram measured in 0.05 M H2SO4 with 0.1 mM 
TFTPA at VS= 0 VSCE, Vbias=0.1 V, inset: 2D current histogram. (b) All curves (3971) 1D current 
histogram measured in 0.05 M H2SO4 with 0.1 mM TFTPA at VS= 0.65 VSCE, Vbias=0.1 V, inset: 
2D current histograms. 
 
 
3.3.2. SMC of 0.05 M H2SO4 on Negatively Charged Au(111) in 0-10 𝝁A  

To support our hypothesis that the appearance of the high conductance peak is due to the 

molecular feature not to the solvent, we performed STM-BJ measurements in blank 0.05 

M H2SO4 on negatively charged Au(111), where the high conductance peak was observed. 

The histogram constructed from current distance curves did not show any well-defined 

conductance peak except the 1G0 peak associated with the Au-Au junction (Figure 3.10). 

Therefore, we conclude that the observed high conductance peak is not from the solvent.  



 53 

 

 
Figure 3.10. Control experiment in blank electrolyte: Current histogram of single molecule 
conductance measurement on Au (111) at VS = 0 VSCE and Vbias = 0.10 V in blank 0.05M H2SO4. 
 

3.3.3. Stability and Lateral Drift of STM Tip after Break Junction 

To test the stability of ordered structures while performing break junction measurements, 

and the possible tip perturbations to the surface, STM images of ordered hexadecane on 

Au(111) were recorded (Figure 3.11 a).  The surface was imaged immediately after 

performing the break junction procedure and measuring ten current-distance curves with 

the same gold tip (Figure 3.11 b).  The STM image shows that the spots where the tip 

landed are locally disturbed (red circle), but the ordered molecular structure remained 

unaffected around the junction formation areas.  In addition, the observed drift in a normal 

lab environment (ambient temperature and pressure) after measuring ten current-distance 

curves is ~ 60 nm per scan of 2×2 μm2 area.  This relatively large lateral drift is associated 

with the tip movement in the Z direction during the approach and retract process.  

Therefore, the average tip drift per approach and retract curve is on the order of 6 nm 

(without considering the time required to complete the scan), indicating that the tip will not 
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land on the same spot for each junction that is formed.  Furthermore, the fact that we can 

record high-resolution images after the break junction strongly indicates that the tip does 

not undergo a destructive crashing and deformation during the break-junction measurement 

process. 

 
Figure 3.11. STM image of ordered hexadecane before and after STM-BJ on Au(111), It= 1 nA, 
Vbias= 0.1 V, scan area: 2×2 μm2: The clean and freshly annealed Au(111) was covered by a thin 
layer of pure hexadecane and STM images were recorded (a) Before break junction measurement.  
(b) After break junction measurements. The ordered adsorbate structure is observed along with the 
herringbone reconstruction pattern.  The same Au tip was used for imaging and break junction 
measurements.  The circled region shows the same area before and after the measurement of ten 
current distance curves, highlighting locally perturbed area. While the image taken after the break 
junction measurement drifted down, the perturbed area can be located by tracking features and step 
edges common to both images. 
 

3.4. The Configuration Dependence of Charge Transport from First-

Principles Non-Equilibrium Green’s Functions (NEGF) Computation 

The significant difference between the conductance of flat and vertical oriented 

molecules126 suggests dramatic changes in the electronic structure of the junction, which 

can be examined with first-principles calculations. We collaborated with Professor John 
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Perdew to perform DFT-NEGF calculations to support our hypothesis of accessing high 

conductance charge transport pathway assisted by formation of ordered structure. The 

results showed that the value of the zero-bias transmission of TFTPA and TPA junctions 

(Figure 3.12 a) at the Fermi energy, EF (which provides a good estimation for the low-bias 

conductance measurement) with the same configuration have similar conductance (Figure 

12b), while the difference of conductance between the flat and vertical configurations is as 

large as three orders of magnitude (TPA-flat: 0.31 G0, TPA-vertical: 0.6 × 10-3 G0, TFTPA-

flat: 0.29 G0, TFTPA-vertical: 0.3 × 10-3 G0). This dramatic contrast emphasizes the 

junction geometry effects, which can be intuitively attributed to the existence of anchoring 

groups for the vertical configuration as a scattering source, as well as the much longer 

transport pathway.  

In agreement with experiment (Figure 3.6 and 3.7), the calculations (Figure 3.12 c) show 

that when the energy difference between the LUMO and the Fermi level decreases, the 

conductance increases, suggesting that the LUMO is responsible for the conductance. As 

mentioned above, the HOMO-like states are much farther away from the Fermi level and 

cannot contribute to the conductance significantly. This is further supported by the results 

with the negative voltage, where the Fermi level came closer to the HOMO level, but the 

conductance still decreased.  
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Figure 3.12. DFT-NEGF calculation on flat and vertical oriented molecules: (a) Schematic 
illustration for the structure modeling in this work, the final lowest-energy (as function of d) 
supercells with the vacuum layer removed for following NEGF calculation, where semi-infinite 
electrodes will be attached to both ends for Left: Flat and Right: the vertical configurations, (b) The 
calculated zero-bias transmission spectra for TPA and TFTPA between the gold electrodes with 
the flat and vertical configurations, (c) The projected density of states (DOS) of TFTPA under 
different gate voltages. The DOS are vertically shifted for clarification, and the corresponding gate 
voltages and transmission at the Fermi level are explicitly denoted. 
 
 
3.5. Conclusions  

In summary, we reported the formation of an ordered layer of TFTPA on a negatively 

charged Au (111) using EC-STM followed by conductance measurements of single TFTPA 

molecules through the STM-BJ method. STM images revealed an ordered adlayer, likely 

formed by hydrogen bonding between carboxylic acids as well as halogen-halogen 

interactions of neighboring TFTPA molecules, with the benzene ring lying flat on the Au 

(111). This orientation facilitates the direct π-binding of the TFTPA benzene ring to the 

electrodes. The measured conductance values for TFTPA, 0.24 G0 perpendicular to the 

molecule plane is three orders of magnitude higher than through single molecule junctions 

formed by benzene derivatives attached to electrodes via anchoring groups, semi-

quantitatively agreeing with the non-equilibrium Green’s function calculation. Molecules 

oriented flat on the electrode surface have a shorter tunneling barrier and higher 

conductance values. The tunneling process is dominated by the LUMO orbital of TFTPA 
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according to the observed trend in conductance at different sample potentials and first-

principles computation.  
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CHAPTER 4: COMBINED IMPACT OF DENTICITY AND 

ORIENTATION ON MOLECULAR-SCALE CHARGE TRANSPORT 

 
This chapter reports the effect of molecular orientation and molecule-electrode binding on 

charge transport through single molecules.   The experimental results are supported by first 

principles nonequilibrium Green’s function (NEGF) computation performed by Dr. Stuart 

Shepard and Professor Manuel Smeu at Binghamton University.   The multiparameter 

vector-based classification (MPVC) was performed in collaboration with Dr. Tim Albrecht 

at Birmingham University.  This study was published in The Journal of Physical Chemistry 

C.127  

 
 

4.1.  Introduction 

In the previous project (Chapter 3), we showed that the orientation of molecules relative to 

the electrodes can significantly affect the charge transport mechanism and conductance 

values.   In addition to the molecule orientation, the atomic configuration at the metal-

molecule contact could remarkably alter the alignment of molecular orbitals relative to the 

Fermi level of the electrode with consequent effects on the charge transport mechanism.  

Compared to the coupling of single anchoring groups on each side of a molecule to the 

electrode, molecules anchored to the electrode via more than one chemical/covalent bond 

can offer tunable junction structures.72, 73  Also, the denticity of the metal-molecule contact 

could affect binding energy, thermal and mechanical stability of the junction structure.  

While the importance of molecule-electrode interactions is known, there has been little 
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effort to use denticity and binding contact between a molecule and a metal as a control 

parameter to manipulate charge transport across the junction.  Therefore, understanding the 

denticity and its effect on molecule-metal coupling is required to design molecules that 

could serve as promising candidates for application in electronic components.74 

The thiol (-CSH) linker, one of the most frequently used anchoring groups in the fabrication 

of single-molecule junctions, provides stable and strong covalent bonds to Au electrodes.  

However, it is reported that more complex anchoring groups, e.g., carbodithioate (-CS2-) 

that can offer two covalent Au-S bonds, provide magnified electronic coupling between 

the molecule and the electrodes.73, 75, 76  This could broaden the density of states, decrease 

the gap between the main molecular transport channel and the Fermi level, and increase 

the conductivity of the molecule by a factor of ~ 50.74 In a combined experimental and 

theoretical study, our group showed that replacing the thiol anchoring groups by 

carbodithioates provided a threefold increase of the electrochemically gated ON/OFF 

switch ratio in a redox active benzodifuran (Figure 4.1, Panel A).77  In another study our 

group showed that the conductance of [5,15-bis(phenylethynyl)-10,20 

diarylporphinato]zinc(II) complexes increases by an order of magnitude when the thiol 

linker is replaced with carbodithioate anchor (Figure 4.1, Panel B).128  It also has been 

shown that the conductance of the carbodithioate anchored molecule exhibits three distinct 

(normal, medium and small) conductance values, attributed to the bidentate-bidentate, 

monodentate-bidentate and monodentate-monodentate configurations in the junction, 

respectively.128  In another study, using STM-BJ in conjunction with DFT-NEGF 

calculation, Sebera and Hromadová et al.  showed that the conductance of a 
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tetraphenylmethane tripod molecule functionalized with three thiol moieties in the para 

position can be tuned by changing the number of covalent bonds between the molecule and 

the electrodes.78  The results showed that when the entire molecule is bridged between 

electrodes (involving all anchoring groups), enhanced electronic communication and well-

defined directional self-assembly of molecules on the electrode result in a higher 

conductance value relative to other geometries with the less number of covalent 

attachments.78  The combination of experimental and theoretical findings highlight the 

importance of molecular orientation in the junction, molecule-electrode binding, and 

coupling in determining the charge transport pathway. 

 

 
Figure 4.1. Molecule-electrode denticity effect on charge transport: Panel A: (A) Schematic of 
single molecule junction with benzodifuran anchored by thiol or carbodithioate groups, (B) 
Increased conductance of molecule anchored by varbodithioates by factor of ~50.77 Panel B: (A) 
Schematic of STM-BJ measurements, (B) Structure of 5,15-bis(phenylethynyl)-10,20 
diarylporphinato]zinc(II) complexes anchored by thiol and carbodithioate groups, Histograms for 
(C) thiol anchored, and (D) carbothioate anchored molecules.  Inset: Examples of individual 
current−distance stepped traces recorded during STM break junction experiments.128 
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4.2.  Combined Effect of Molecular Orientation and Molecule-Electrode 

Denticity 

In this study we take advantage of the fact that applying a potential to the substrate can 

induce a change in the adsorbate−substrate interaction, including denticity and binding 

contact (i.e., the number of anchoring groups attached to the surface), by altering the 

geometry of the molecule on the surface and hence in the measured single-molecule 

conductance (SMC).129  For example, using an electrified substrate one can drive the 

formation of highly ordered 2-dimensional assemblies that immobilize the adsorbates flat 

on the surface, facilitating charge transport measurements perpendicular to the molecular 

plane.100, 130, 131 

In this research we used STM-BJ methods in electrochemical environments to investigate 

the charge transport properties of 7,7,8,8-tetracyanoquinodimethane (TCNQ) and 2,3,5,6-

tetrafluoro-7,7,8,8 tetracyanoquinodimethane (F4TCNQ) which are widely used in the 

formation of charge transfer complexes (Figure 4.2 a, b).132-135 The intriguing physical 

characteristics, e.g., magnetic, optical, and electrical properties136-140 of these electron 

acceptors make metal−TCNQ/F4TCNQ junctions promising candidates for electronic 

device components such as sensors, memories, and data storage applications.141, 142  

Recently, surface science techniques, e.g., scanning tunneling microscopy (STM), atomic 

force microscopy (AFM), and scanning tunneling spectroscopy (STS), have been used to 

determine the structure and the electronic properties of self-assembled monolayers of 

TCNQ on Au(111),136 on Ag(111) and Ag(100),139, 143, 144  and Cu(111)145 in ultrahigh 
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vacuum (UHV), as well as on Au(111)146 and Cu(111)147 in an electrochemical 

environment.  Furthermore, the geometry and electronic structure of F4TCNQ molecular 

networks on Au(111)148, 149 and on Cu(100)150 have been investigated under UHV.  

Reversible modulation of the charge state of isolated F4TCNQ using back-gated graphene 

devices has been studied using high resolution noncontact AFM and STM under UHV at 

low temperature.151  In a recent STM-BJ experiment, the conductance of a molecular wire 

(π -extended tetrathiafulvalene) has been measured upon the formation of a charge transfer 

complex with F4TCNQ molecules.152  However, to the best of our knowledge, the 

conductance values for single TCNQ and F4TCNQ molecules and the effect of 

molecule−electrode denticity have not been reported. 

 
Figure 4.2.  Structures of (a) 7,7,8,8-tetracyanoquinodimethane (TCNQ), and (b) 2,3,5,6-
tetrafluoro-7,7,8,8 tetracyanoquinodimethane (F4TCNQ) 

 

4.3.  Experimental Results 

4.3.1.  Cyclic voltammetry of TCNQ, F4TCNQ in 0.05 M H2SO4 

The electrochemical behavior of the Au(111) electrode in 0.05 M sulfuric acid with and 

without the target molecules was investigated within the double layer region from -0.3 to 

0.7 VSCE.  The sulfate ion adsorption peak observed at 0.7 VSCE in the CV of bare Au(111) 
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(Figure 4.3-dashed line) indicates that the Au(111) surface is free of contamination.  The 

observed reversible peaks at 0.2 VSCE correspond to the lifting and recovery of the Au(111) 

reconstruction as reported in previous studies.117  Addition of TCNQ/F4TCNQ results in 

two reversible peaks in the 0.50-0.65 VSCE range (Figure 4.3, red and green lines) as 

expected due to their similar backbone structure.  Previous studies have shown that both 

TCNQ and F4TCNQ in acetonitrile undergo two electrochemically reversible one-electron 

reduction processes at potentials below 0.1 VSCE.137, 153  Therefore, it appears that the 

observed reversible peaks, lying in the 0.50-0.65 VSCE range, are a result of the molecular 

order/disorder transition,112 as confirmed using in situ STM images (described in the next 

section).  The substrate reconstruction peaks in the presence of TCNQ shift to higher 

potential (0.26 vs. 0.22 VSCE) whereas these two peaks disappeared in the presence of 

F4TCNQ implying different molecule-substrate interactions (Figure 4.3).  These 

observations are consistent with potential dependent STM images of TCNQ and F4TCNQ, 

discussed in the next section.   
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Figure 4.3. Cyclic voltammograms of a freshly prepared, flame annealed bare Au (111) electrode 
in 0.05 M H2SO4 aqueous electrolyte (dashed line), 0.1 ml saturated TCNQ added in 0.05 M H2SO4 
aqueous electrolyte on Au(111) (red line), and 0.1 ml saturated F4TCNQ in 0.05 M H2SO4 aqueous 
electrolyte on Au(111) (green line).  All voltammograms were acquired at a sweep rate of 100 
mV.s-1 

4.3.2.  STM of TCNQ on Au(111) in 0.05 M H2SO4 

STM imaging of the surface prior to the SMC measurements can provide information about 

the effect of the electrode potential on the structure of molecules on the surface and their 

stabilized geometry within the molecular network.  An STM study showed ordered 

structure formation of TCNQ on the Au(111) surface induced by molecule−surface 

interactions at the potential of 0.27 VSCE.146 The resulting ordered structure contains two 

molecules per unit cell.146  However, at a potential of −0.22 VSCE, due to weaker 

interactions of the phenyl ring with Au(111) and the formation of intermolecular hydrogen 

bonds, a different ordered structure is observed with six molecules per unit cell.146  UHV-

STM investigations revealed an ordered structure at 5 K in which all terminal N and H 

atoms are involved in intramolecular interactions.136 
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In this study, the STM images show that after addition of 0.1 mL of saturated TCNQ 

solution in 0.05 M sulfuric acid to the STM cell at potentials more negative than the point 

of zero charge (PZC) of bare Au(111) in sulfuric acid, a long-range ordered molecular 

structure extending for hundreds of nanometers over the surface was formed on the 

electrode.  The existence of the underlying herringbone reconstruction, confirmed with 

STM images (Figure 4.4 a) and cyclic voltammetry (CV) (Figure 4.3), suggests 

physisorption and a weak interaction of the ordered layer of TCNQ with the Au surface.  

Detailed inspection and cross section analysis of the STM images revealed that the 

individual TCNQ molecules lie flat on the negatively charged Au(111) electrode (Figure 

4.4 b, d).  We propose a structural model with one molecule per unit cell and hypothesize 

that this geometry is due to four possible hydrogen bonds (Figure 4.4 c, red dashed line) 

per molecule between the CN groups and H atoms of neighboring molecules.   
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Figure 4.4. STM images of TCNQ/0.05 M H2SO4 on Au (111) at VS= 0 VSCE, Vbias= 0.03 V and It= 
0.1 nA (a) scan area 100×100 nm2, inset: TCNQ structure (b) Scan area 10×10 nm2, (c) Proposed 
molecular packing and unit cell containing one TCNQ molecule, (d) Cross sections of the ordered 
structure in the direction specified by the red and green lines in image (b). 

 
 
4.3.2.1.  Electrode Potential Dependent STM of TCNQ on Au(111) in 0.05 M H2SO4 

As the surface potential is swept more positive, an order-to-disorder transition starts 

gradually until complete disorder is achieved at the surface potential of 0.5 VSCE (Figure 

4.5).  This transition is consistent with the cyclic voltammetry peaks observed at 0.50− 

0.65 VSCE (Figure 4.3).  When the potential is swept back to its original values (negatively 

charged Au surface), the TCNQ molecules start to reappear until the complete formation 
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of the ordered layer consistent with the reversibility of the order-to-disorder transition of 

TCNQ on Au(111)112 (Figure 4.5 e, f). 

 

 
Figure 4.5.  Potential dependent-STM images of TCNQ/0.05 M H2SO4 on Au (111), It= 0.1 nA, 
scan area 30 × 30 nm2 at (a) VS= 0.15 VSCE, (b) VS= 0.30 VSCE, (c) VS= 0.50 VSCE, (d) VS= 0.70 VSCE, 
(e) VS= 0.20 VSCE, (f) VS= 0.00 VSCE 
 
 

4.3.3.  SMC of TCNQ on Au(111) in 0.05 M H2SO4 

Following the STM imaging, we conducted single-molecule conductance measurements 

on TCNQ at electrode potentials above and below the phase transition (presumably 

negatively and positively charged electrodes).  More than 3000 current−distance traces 

were recorded at the surface potential of 0 VSCE to generate 1D and 2D conductance 
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histograms (Figure 4.6 a, b) showing two well-defined peaks in the linear histogram at 0.22 

and 1.00 G0 corresponding to molecular and atomic gold junctions, respectively. 

 
Figure 4.6. Single molecule conductance of TCNQ, (a) Conductance histograms for TCNQ 
recorded in 0.05 M H2SO4 at VS = 0 VSCE (green, generated using 3226 current-distance curves) and 
VS = 0.7 VSCE (black line, generated using 3163 current-distance curves) at Vbias= 0.1 V.  The inset 
is the log binned conductance histogram recorded at VS = 0 VSCE (green, generated using 3360 
current-distance curves) and VS = 0.7 VSCE (black line, generated using 1926 current-distance 
curves) at Vbias = 0.05 V.  (b) 2D histogram generated from data recorded at VS = 0 VSCE.  All 
histograms are generated without data selection 

 
 

The assignment of the 0.22 G0 peak to a molecular junction is correlated with the existence 

of the ordered adsorbate structure, facilitating the direct π binding of the TCNQ ring to the 

electrode and increasing the probability of the formation of Au−TCNQ−Au junctions with 

quasi-flat oriented TCNQ.100  STM images of ordered molecular structures before and after 

the break junction procedure (reported in Chapter 3) show the formation of local 

holes/islands with the size of one or a few molecules while the surrounding ordered 

molecular network remained intact.124, 154  The junction formation is a gentle and soft 
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process (the tip moves toward the surface in 0.1 nm steps until it touches the surface and 

does not go far beyond the initial contact).124, 154  High resolution STM images taken after 

break junction measurements with the same tip strongly indicate that the tip does not 

undergo a destructive crashing and deformation during break junction formation.  In 

addition, after reviewing many individual current−distance curves, we noticed that, among 

the traces showing atomic/molecular features, ∼50% of the traces that contain molecular 

features do not show gold atom plateaus.  Hence, this suggests that for half of the measured 

traces, the tip did not form a gold−gold junction and likely did not disturb the ordered 

structure.130, 131  Therefore, our proposed scenario is that the molecule trapped between the 

tip and the Au(111), whose geometry is stabilized through the formation of a two-

dimensional monolayer, could remain quasi-flat, giving rise to the high conductance value.  

Upon further elongation, the tip can lift the trapped molecule from the surface through one 

or more of its anchoring groups, and further retraction could result in removing the 

molecule from the surface. 

The observation of high conductance is consistent with previous SMC measurements and 

calculations on small benzene derivatives showing that measuring the conductance 

perpendicular to the benzene ring results in high conductance values compared to 

measurements along the molecular plane due to the direct π interaction of the benzene ring 

with the metal surface.98, 100, 103, 130, 131, 155, 156 Therefore, we attribute the 0.22 G0 

conductance peak to charge transport perpendicular to the central ring of molecules 

immobilized on the Au(111) surface through the intermolecular hydrogen bonding between 

neighboring  molecules.  It is worth mentioning that the details of the 
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metal−molecule−metal junction geometry, and its structural evolution during the tip 

retraction step, are still not well-understood and need further experimental and theoretical 

investigation.  Therefore, the proposed model for the flat oriented molecule is a simplified 

picture, and the initial geometry in the junction could deviate from the ideal flat 

configuration.  The flat model is discussed to differentiate between two states: when the 

tip forms a contact with the π-system of the molecule and when it is anchored to one of the 

functional groups. 

 

4.3.3.1.  Origin of Two Conductance Peaks in Lower Currents 

A detailed inspection of the 1D histogram created at the negatively charged gold surface 

(Figure 4.6 a, inset with log scale plotting) shows two peaks at 0.02 and 0.05 G0.  

Considering the fact that TCNQ molecules lie quasi-flat at this potential, and that the nitrile 

is a reliable and stable anchoring group to form single-molecule junctions,57, 157-159 we 

attribute these two lower conductance values to two possible tip-induced geometries of the 

molecule in the junction formed by bidentate−bidentate (b−b) and monodentate−bidentate 

(m−b) molecular binding to the tip via nitrile groups, respectively (geometries are provided 

in Figure 4.12 a and will be discussed in detail).  This hypothesis is supported by density 

functional theory modeling which shows similar low conductance values for these 

configurations (vide infra), likely induced by pulling the molecule up from the surface.  In 

this fashion, after formation of a high conductance junction with a quasi-flat lying 

molecule, the tip can overcome the relatively weak metal−π interaction and lift the 

molecule off the surface through anchoring of CN groups to the gold tip while it retracts 

from the surface.160 This gives rise to b−b and m−b configurations as the junction 
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elongates.  Previous experimental and theoretical studies have shown that charge transport 

along the molecular plane (upright geometry) of benzene derivatives exhibits conductance 

values close to 10−2 G0.106, 107, 161-166 The histogram constructed from the current−distance 

traces measured at 0.70 VSCE (Figure 4.6 a, black line) in the high current range does not 

show a well-defined peak in the 1000−2000 nA current region, suggesting that high 

conductivity junctions (flat orientation) are not formed at this potential.  This is likely due 

to the lack of ordered molecular structures suggesting a random, nonplanar orientation of 

the molecules on the positively charged surface as observed in the STM images (Figure 4.5 

c, d).  Previously, we showed that, in a series of STM-BJ experiments performed on 

benzene derivatives (benzene, toluene, and 1,2,4-trichlorobenzene), the lack of long-range 

ordered molecular structures diminishes the probability of the formation of junctions with 

the aromatic ring perpendicular to the STM tip.100  Accordingly, the probability of junction 

formation with the molecular plane perpendicular to the tip and the surface (quasi-flat 

orientation) at the positive potential decreases significantly. 

 

4.3.4.  In Situ STM of F4TCNQ on Au(111) 

In order to confirm the denticity dependent conductivity and to study the effect of electron 

withdrawing groups on the molecule−substrate interaction and the electrical conductance 

of TCNQ, we introduced fluorine atoms to the TCNQ molecule and recorded STM images 

of the F4TCNQ adlayers on Au(111).  The STM image (Figure 4.7 a) shows the formation 

of an ordered layer of F4TCNQ on Au(111).  The lack of a herringbone structure underneath 

the molecular layer is indicative of a stronger molecule−surface interaction relative to what 

was observed for TCNQ.  With four electronegative fluorine atoms, F4TCNQ is a stronger 
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electron acceptor than TCNQ, and it affects the charge density on the Au(111) surface, 

possibly through charge transfer between the molecule and the surface as evidenced by the 

lifting of the reconstruction observed in STM images and CV (Figure 4.3) while TCNQ 

does not seem to affect the Au(111) surface.149 Moreover, the dominant intermolecular 

interaction in the TCNQ adlayer, the hydrogen bonding between TCNQ molecules, is 

hindered by replacing the hydrogen atoms in TCNQ with fluorine atoms in F4TCNQ.  This 

suggests that the interaction between the F4TCNQ molecules and the Au(111) surface is 

the dominant force in the formation of the ordered structure on the surface, rather than 

intermolecular interactions.  On the basis of the STM observations and the cross section 

analysis, each rectangular shaped F4TCNQ molecule was determined to be adsorbed on 

Au(111) in a flat-lying orientation (Figure 4.7 b, d) forming a unit cell that contains one 

F4TCNQ molecule (Figure 4.7 c).  Previous STM studies under UHV report images that 

show the formation of F4TCNQ networks on Au(111) and Cu(100) surfaces similar to those 

observed in this study.148-150  To the best of our knowledge, this is the first STM report of 

ordered structure formation of F4TCNQ in an electrochemical environment. 

 



 73 

 

Figure 4.7. STM images of F4TCNQ/0.05 M H2SO4 on Au (111) at VS= 0.05 VSCE, Vbias= 0.03 V 
and It= 0.1 nA (a) scan area 50 × 50 nm2, inset: F4TCNQ structure (b) Scan area 10 ×10 nm2, (c) 
Proposed molecular packing and unit cell containing one F4TCNQ molecule, (d) Cross-sections of 
the ordered structure in the directions specified by the red and green lines in image (b). 

 
 
4.3.5.  Effect of Electron Withdrawing Groups: In situ SMC of F4TCNQ on Au(111) 

We performed a series of SMC measurements on the negatively charged Au(111) in the 

presence of F4TCNQ molecules.  The 1D and 2D conductance histograms constructed from 

more than 3000 current−distance curves show three well-defined peaks in the linear 

histogram at 0.24, 1.00, and 1.8 G0 (Figure 4.8 a).  The molecular conductance peak 

appearing at 0.24 G0 implies the direct coupling of the π system of the central ring of 

F4TCNQ with the gold surface.98, 100, 103, 130, 131, 155  The 1.00 and 1.8 G0 features are assigned 
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to the conductance of one and two transmission channels of Au−Au junctions, respectively.  

These observations support our general hypothesis that flat oriented molecules allow for 

Au−molecule−Au junction formation and facilitate charge transport measurements 

perpendicular to the molecular plane.100 

 
Figure 4.8. Single molecule conductance of F4TCNQ (a) Conductance histograms for F4TCNQ 
recorded in 0.05 M H2SO4 at VS = 0.05 VSCE (green, generated using 4429 current-distance curves) 
and VS = 0.7 VSCE (black line, generated using 1388 current distance curves) at Vbias = 0.05 V.  The 
inset is the log binned conductance histograms recorded at VS = 0.05 VSCE (green, generated using 
4429 current-distance curves) and VS = 0.7 VSCE (black line, generated using 1388 current distance 
curves) at Vbias = 0.05 V.  (b) 2D histogram generated from data recorded at VS = 0.05 VSCE.  All 
histograms are generated without data selection. 

 

The TCNQ conductance histogram showed two low conductance (<0.1 G0) peaks which 

were assigned to different configurations of the molecule in the junction due to the 

molecule being lifted up by the tip contacting one or more CN anchoring groups.  Closer 

inspection of the 1D histogram of F4TCNQ shows two peaks at 0.02 and 0.05 G0 (Figure 

4.8 a, inset), close to the values observed in the TCNQ conductance histogram (Figure 4.6 

a, inset).  This is reasonable as the two molecules have similar backbones and anchoring 

groups.  A previous study investigated electrical transport through a charge transfer 
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complex including F4TCNQ as an electron acceptor.152 The 2D conductance histogram of 

F4TCNQ was reported as a control experiment in air without any solvent (not in an 

electrochemical environment as in this study) and shows the presence of two different 

plateaus.  These data were not discussed.  While one of the plateaus is consistent with the 

conductance value, we assigned to the monodentate-bidentate configuration in our study, 

no high conductance plateau was observed, most likely because the molecule was not 

deposited in an orientation-controlled manner.  The histogram constructed from 

current−distance curves measured at the positively charged gold surface does not show 

well-defined peaks in the high current range except for the one and two gold atomic 

conductances as was the case for TCNQ (Figure 4.8 a, black line).  The lack of high 

conductance peaks is likely due to the absence of an ordered adsorbate structure, suggesting 

a random and possibly nonplanar orientation of molecules on the positively charged 

surface. 

 

4.4.  Control Experiments 

4.4.1.  SMC of TCNQ on Au(111) in 0.05 M H2SO4 in the Low Current Region 

In order to provide a more complete analysis including a different range of geometries, we 

investigated the conductance characteristics of TCNQ molecules in a lower current region 

while they are adsorbed on the positively charged electrode surface, presumably 

disordered.  The all-data current histogram constructed from current−distance curves 

measured at a positively charged gold surface in the lower current region (using a 10 nA/V 

preamplifier) shows no peak (Figure 4.9, black line).  However, individual 
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current−distance curves show long steps (∼1 nm) with different conductance values 

(Figure 4.9, inset).  As the histogram-based analysis focuses on the most probable events 

in single-molecule junction measurement, less frequent occurrences might be masked by 

the background noise or a wider distribution of values.  The lack of a well-defined peak in 

the conductance histogram at the positively charged surface could reflect the existence of 

several different, low probability, molecular binding configurations and different current 

values.128 

The observation of multiple plateaus with different current values leads us to manually sort 

the current−distance curves and to categorize them on the basis of current step values for 

subsequent analysis.  We selected all curves with a step length greater than 0.1 nm.  Then, 

we distributed them to six different ranges based on the step current value and created a 

current histogram for each category.  Some traces have more than one step, each belongs 

to different categories.  These traces were saved based on their step current value in their 

assigned category.  Range 1: curves with step in range of < 5 nA, Range 2: curves with 

step in range of 5-10 nA, Range 3: curves with step in range of 10-20 nA, Range 4: curves 

with step in range of 20-30 nA, Range 5: curves with step in range of 30-50 nA, and Range 

6: curves with step in range of 50-90 nA.  The constructed 1D histograms with selected 

curves show several peaks with different values (Figure 4.9).  On the basis of the STM 

images, TCNQ molecules do not form ordered structures at the positively charged Au(111) 

surface, and they might be randomly adsorbed on the surface in different orientations.  Of 

the detected conductance values, the 0.02 G0 peak is consistent with the peak observed in 
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the conductance histogram collected at the negatively charged gold surface, which we 

attributed to a tip-lifted upright molecular geometry. 

 

Figure 4.9. Histograms of all data (∼8500 curves, black line) and with selected curves with the step 
values: below 5 nA (∼16% of all curves, blue), 5−10 nA (∼18% of all curves, red), 10−20 nA 
(∼7% of all curves, gray), 20−30 nA (∼6% of all curves, yellow), 30−50 nA (∼4% of all curves, 
purple), 50−90 nA (∼3% of all curves, green).  Inset: Typical current−distance curves of TCNQ 
recorded in 0.05 M H2SO4 at Vbias = 0.05 V, VS = 0.7 VSCE categorized based on current values. 

 
 
4.4.1.1.  Multiparameter Vector Classification Approach 

As a conventional histogram approach with all data failed to pick out the selected events 

in the data set and to further consolidate our analysis of the low conductance region, we 

employed the multiparameter vector classification (MPVC) approach to analyze the result 

of SMC of TCNQ on the positively charged electrode.167  

The 3D representation of current-distance curves shows the data obtained from the bare 

gold substrate in red and the TCNQ data (low current region, measured with a 10 nA/V 

preamplifier) in black.  In the former, two clusters are apparent, mainly separated along the 

cos(θ) and dham dimensions, but at low ΔX.  However, in the case of the TCNQ data, 

another pronounced point cloud extends to larger values of ΔX (Figure 4.10 a).  We then 
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performed k-medoid clustering with N = 4 clusters to capture the traces similar to those in 

the bare gold experiments (two clusters, as in the original bare gold data) as well as the 

regions between them and the one extending to larger ΔX values.  The result is shown in 

Figure 4.10 b with the groups color-coded and labeled accordingly, from 1-4 in blue, 

yellow, purple and green containing 3698, 1117, 2490 and 1268 data traces, respectively.    

In relation to the different data selection procedures employed in this work, namely manual 

selection vs.  MPVC-based selection, we provide here a more detailed, direct comparison 

of the two approaches (Figure 4.10 c).  As mentioned, the selection criteria are not identical; 

hence one would not expect a one-to one correspondence.  Nevertheless, some relation 

between the cluster allocation and the hand-selected classification should be apparent and 

this is indeed observed.   The MPVC analysis results show the emergence of molecular 

features when the target molecules are present but did not reveal distinct and well-defined 

groups of current−distance traces (in terms of their overall shape).  Nonetheless, the 

comparative analysis between manual selection and MPVC classification of low 

conductance data shows apparent correlation between the cluster allocation and the hand 

selection. 
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Figure 4.10. MPVC Analysis of TCNQ data: (a) 'All-data' cluster plots based on the three classifier 
components, ΔX, cos(θ) and dham, for the experiments on bare gold (red) and in the presence of 
TCNQ (black), (b) Clustering result of the TCNQ data (k-medoid based on 4 clusters), showing 
clusters 1 to 4 (blue, yellow, magenta and green, respectively).  Allocation of manually selected 
data to the four MPVC clusters, for the six ranges stated above (normalized).  Manually selected 
traces are predominantly found in clusters 3 and 4, where the former dominates at low-current 
features (especially ranges 1 + 2), while the latter mainly encompasses traces with high-current 
features (mainly ranges 5 + 6) 
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4.4.2.  SMC in Blank 0.05 M H2SO4 on Au(111) 

To confirm that the observed conductance values are fingerprints of molecules in the 

junction, we performed STM-BJ control experiments in blank 0.05 M H2SO4 on the 

negatively charged Au(111) in the high current region where the high conductance peak is 

observed in the presence of TCNQ/F4TCNQ, and in the low current region where low 

conductance values were observed.  The resulting histograms showed the absence of 

high/low conductance features, demonstrating that the observed conductance values are 

associated with TCNQ/F4TCNQ molecules (Figure 4.11a, b).    

 

 
Figure 4.11. STM-BJ control experiment in 0.05 M H2SO4 on (a) negatively charged Au(111), VS 
= 0 VSCE , 2356 curves and (b) VS= 0.70 VSCE, 3213 curves.  Insets are log-binned histograms 
constructed with the same curves used for 1D current histograms. 

 
 

4.5.  Calculations 

4.5.1.  Geometries and Transmission Function of F4TCNQ 

To provide further insight into the conductance of the two molecules, DFT calculations 

and NEGF methods were used to study charge transport in TCNQ and F4TCNQ from first 

principles.  Multiple peaks found in the SMC data suggest there is more than one distinct 
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way in which a molecule can bridge the gold−gold junction.  It is assumed that the more 

energetically favorable the molecular junction is, the more likely it is to form and be 

measured in the SMC experiment.  Factors such as the shape of the electrodes, the distance 

between electrodes, and the orientation of the molecule will affect the stability (energy) 

and ultimately the transmission through the molecule.  Sampling all of these possibilities 

computationally would be an intractable task and is not attempted.  The approach taken 

here is to look at a small but intuitively distinct set of configurations and determine the 

different possible regimes of transmission associated with TCNQ and F4TCNQ. 

The first feature used to distinguish between junction configurations is the direction of the 

transport relative to the π- system of the molecule.  The second is how many −CN 

anchoring groups are coupled to each electrode (denticity).  This approach allows us to 

focus on the four molecular orientations shown in Figure 4.12 a, for F4TCNQ.   In three of 

the geometries, the molecule is oriented along its longest axis between the electrodes with 

different denticities, i.e., monodentate (m) or bidentate (b). 
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Figure 4.12. F4TCNQ geometries for which transmission is calculated.  Left, top: 
bidentate−bidentate (b−b) anchoring.  Left, bottom: monodentate− bidentate (m−b) anchoring.  
Right, top: adsorbed molecule (flat) with apex allowing for transport directly through 
(perpendicular to) the π-system.  Right, bottom: monodentate−monodentate (m−m) anchoring.  (b) 
Calculated transmission spectra for F4TCNQ in the bidentate−bidentate (black), 
monodentate−bidentate (blue), monodentate−monodentate (red), and flat (green) configurations.  
The spectrum shown for the flat configuration is for the Au tip aligned above a carbon atom in the 
benzene ring.  Inset: Transmission spectra in the vicinity of the Fermi energy (Fermi energy at 0 
eV). 

 
 
The transmission is sensitive to the coupling of the molecule to the electrodes, which is 

largely governed by the Au−N distance in the b−b, m−b, and m−m orientations and the 

Au−C distance in the flat orientation.  Transmission coefficients were calculated at zero 

bias using the Nanodcal code.168, 169 The low bias conductance, defined as the value of the 

transmission function at the Fermi energy, is presented.  The conductance of the minimum 

energy structure, found via ground state DFT calculations, is reported as the conductance 

for each of the four orientations.   The transmission spectra for F4TCNQ (Figure 4.12 b) 

show that the b−b and m−b geometries give conductances of 0.01−0.03 (depending on 

electrode model) and ∼0.1 G0, respectively, while the flat geometry gives a higher 
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conductance which depends on where the Au tip aligns above the molecule.  In the case of 

m−b, the electrode shape options are also limited (compared to b−b) by the need to 

maximize the distance between the unanchored −CN so as to have no coupling between it 

and the electrode surface, requiring a large apex on one electrode.   The low conductance 

in the b−b geometry is a clear result of the larger misalignment of the frontier orbital energy 

(the peak at −0.4 eV) with the Fermi level (0 eV) compared to those of the m−b and m−m 

geometries.  For geometries with transport along the π-system, it appears that decreasing 

the denticity shifts the frontier orbital closer to the Fermi energy, increasing the 

transmission.  This is the origin of the inverse correlation between denticity and 

conductance observed for F4TCNQ. 

 

4.5.2.  Geometries and Transmission Function of TCNQ 

While STM-BJ histograms found that the conductance values do not vary significantly 

between the two molecules, calculations with TCNQ showed higher conductance 

compared to F4TCNQ in the three systems with transport parallel to the π-system.  The 

TCNQ b−b, m−b, and m−m orientations give conductance values of 0.06−0.09, ∼ 0.2, and 

∼ 0.6 G0, respectively (Figure 4.13).  As found for F4TCNQ, the conductance increases as 

the number of −CN anchors decrease.  The TCNQ flat geometry gives a conductance of ∼ 

0.2 G0 when the Au tip aligns above the same benzene C atom as in F4TCNQ, which gave 

the same conductance.  Unlike for F4TCNQ, the conductance through the benzene C− C 

bond aligned tip does not change significantly for TCNQ, remaining at ∼ 0.2 G0.  An 

explanation for this difference may be a combination of several factors including frontier 
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orbital alignment, registry of the molecule on the Au surface, as well as the strength of 

interaction with the surface, i.e., coupling. 

 

 
Figure 4.13. Side views of different geometries and low-bias transmission: (a) bidentate-bidentate, 
(b) monodentate-bidentate, (c) monodentate-monodentate, (d) flat, (e) Calculated transmission 
spectra of a single TCNQ molecule between two Au electrodes in different orientations. 

 
 
The reason for the larger conductance in TCNQ than F4TCNQ is somewhat clearer for b− 

b, m−b, and m−m.  Since the LUMO shifts downward in energy upon replacing the four 

hydrogen atoms with fluorine atoms (going from TCNQ to F4TCNQ), the LUMO of TCNQ 

naturally aligns closer to the Fermi energy compared to that of F4TCNQ.  This leads to an 

overall increase in the TCNQ conductance values.  This inherent energy shift in the orbitals 

is apparent in the calculations but not in the experiments where the same conductance peaks 
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appear in the histograms for both molecules.  One possibility is that the different 

interactions between molecules in the monolayer alter the energy alignment, since there is 

intermolecular hydrogen bonding in TCNQ but not in F4TCNQ.  Another possibility is that 

one molecule interacts more readily with the solvent than the other, again altering the 

energy alignment.  Exploring these effects would provide insight into the discrepancy 

between theory and experiment but was beyond the scope of the present work and should 

be investigated in the future.  Despite the differences from F4TCNQ, the TCNQ b−b 

geometry still produces a low conductance value, and the flat geometry conductance is 

similar to that of F4TCNQ, both in agreement with the experimental results.  In summary, 

the theoretical model produces multiple conductance values within or near the range of the 

experimental histogram peaks (0.02- 0.20 G0) and provides insight into how variation of 

the molecular geometry in the junction can lead to multiple distinct conductance values. 

 

4.6.  Conclusions 

In the present study, we have fabricated single TCNQ and F4TCNQ molecule junctions 

using the STM-BJ method to investigate the orientation and denticity dependence of the 

electrical transport properties of these molecules.  The potential applied to the gold surface 

enables the formation of an ordered molecular network on the electrode and control of the 

geometry of the target molecules in the junction.  The single molecule conductance 

measurement results show that the quasi-flat oriented TCNQ and F4TCNQ molecules on 

the negatively charged Au(111), identified by STM imaging, exhibit high conductance of 

∼0.220 G0 ± 0.005 and 0.24 G0 ± 0.01, respectively, due to the direct π interaction of the 

benzene ring with the metal electrode.  Furthermore, the appearance of the first plateau in 
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current−distance traces (∼0.2 G0) is expected to be associated with the initial quasi-flat 

configuration, further supporting the assignment of high conductance (0.2 G0) to the 

conductance through the π- system of the central ring.  However, the proposed model is a 

simplified picture of a molecule in the junction and does not consider the uncertainty in the 

local electrode geometry.  In addition to the high conductance, two lower values of 0.02 

and 0.05 G0 are detected, whereas on the positively charged electrode no high conductance 

states are detected, possibly due to the lack of ordered structure as revealed by STM 

images. 

Several low conductance values were observed at positively charged surfaces in the low 

current range that could be assigned to different vertical orientations of the molecule in the 

junction, as supported by calculations.  MPVC analysis of the data revealed a broad range 

of molecular junction behaviors, presumably originating from different molecular 

configurations in the electrode junction and dynamic switching.  Computational modeling 

of transport through single molecules of F4TCNQ and TCNQ shows a clear dependence of 

the conductance on molecular denticity and molecular orientation in the junction.  For a 

small number of carefully selected model geometries, the theoretical calculation 

reproduces experimentally observed conductance values well, thereby supporting our 

structural interpretation of the data.  Both molecules have a calculated conductance of ∼ 

0.2 G0 when transport is perpendicular to the π -system of the molecule (lying quasi-flat), 

which agrees well with the experimental histogram peak at ∼ 0.2 G0, though slightly 

different geometries yield lower calculated conductances.  For transport along the 

molecular backbone, the calculated conductance reaches 0.6/0.4 G0 for TCNQ/F4TCNQ, 
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for those systems with the lowest denticity.  Effects not accounted for by the calculations, 

such as intermolecular interactions within the monolayer and the presence of a solvent, are 

possible reasons why the influence of orbital alignment is not seen in the experiment.  It is 

proposed that the low experimental conductance value (0.02 G0) is due to a bidentate− 

bidentate linked junction, the peak at 0.05 G0 to a monodentate-bidentate linked junction, 

and the high conductance value (0.2 G0) to a quasi-flat geometry.  Our findings provide 

insight into the fundamentally important process of charge transport at a molecule− metal 

contact.  The observed experimental and theoretical results reveal that, depending on the 

denticity, molecule−metal hybridization, and energy level alignment, the electrical 

conductance through a single molecule can be manipulated in a controllable manner.  

Particularly, our results show that the stronger interaction between the molecule and the 

metal electrode does not always guarantee the effective electrical coupling and better 

charge transport.  These findings open new perspectives toward designing single-molecule 

devices and tuning the molecule−metal interface. 
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CHAPTER 5: CHEMICAL MODULATION OF CHARGE TRANSPORT 

PERPENDICULAR TO THE MOLECULAR PLANE 

5.1. Introduction 

Moving towards the practical utilization of single molecules and atoms as stable structures 

in miniaturized electric circuits requires a deep understanding of charge transport 

phenomena at the nanoscale.  Over the past two decades, experimental and theoretical 

studies have shown that the overall charge transport mechanism through single-molecule 

junctions is a complex and cumulative function of properties of the molecular core,72, 170, 

171 and the electrodes,172-174 as well as molecule-electrode coupling,127, 175, 176 the 

conformation and geometry of molecules in the junction,130, 177, 178 in addition to the 

junction’s local environment.179-181  It is known that chemical substitution groups can 

modulate the electronic properties of molecules126, 182, 183  and induce changes in charge 

transport behavior, typically by altering the gap between the highest occupied molecular 

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO).184-188  Therefore, 

the application of substitution groups can be a feasible strategy to design molecules with 

tunable electrical charge transport properties. 

While the significance of the chemistry of molecular backbone in determining single-

molecule conductance mechanism is well-recognized, only a handful of reports in the 

literature have addressed the effect of chemical substitution groups on charge transport 

through single molecules.  For example, Venkataraman et al. showed that in small benzene 

derivatives, e.g., amine-terminated 1,4-diaminobenzene, the HOMO energy increases 
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(moves toward the Fermi level of the electrode) as H atoms are replaced with methoxy 

groups, due to the induced delocalization of the p-system of benzene ring by the lone pair 

of oxygen atoms.185  185  On the other hand, replacing H  with electronegative Cl atoms, 

removes electron density from the s-system of the benzene, and lowers the HOMO energy 

level.  Therefore, in a HOMO-mediated charge transport mechanism, the conductance of 

substituted molecules can be enhanced or reduced using electron-donating or electron-

withdrawing groups, respectively.185   

The effect of substitution groups on the electronic structure and the dissociation reaction 

constant of benzoic acid relative to the substituted species was quantified for the first time 

by L. P. Hammett.189 The observed shifts in the conductance of substituted benzene 

derivatives are correlated with the change in ionization potentials and the Hammett 

constant189 (strength of electron-donating and withdrawing groups for meta and para 

substituents).  In one of the first applications to single molecule electrical properties, Li et 

al. showed that the conductance of substituted oligo phenylene ethynylene (OPE) decreases 

as the corresponding Hammett constant moves towards higher values (stronger electron 

withdrawing effect).184  The same trend was observed for disubstituted diaminobenzene,185 

and benzene dithiol-based thermoelectric devices,190 where the hole transport-mediating 

conductance was increased by electron-donating groups, while electron-withdrawing 

groups lowered the conductance.  Later, Yu et al. showed that a pyridine moiety connected 

perpendicular to a backbone pentaphenylene molecule, can be functionalized with different 

chemical groups, and act as a gate (simulating gating voltage).191  The results demonstrated 

that by changing the substitution groups, in the para position of pyridine from electron 
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acceptors to electron donors, the molecular orbital energy levels, and the tunneling barrier 

are tuned.191  The observed change in the conductance correlated with the Hammett 

parameters of the functional groups.191  In a theoretical study, DiLabio et al. demonstrated 

that the changes in the zero-bias transmission function of disubstituted benzene dithiol in 

a junction are consistent with the strength of electron donating and withdrawing groups, 

i.e., the Hammett parameter.192  Therefore, it is well established that different chemical 

functional groups can regulate charge transport through single-molecule junctions in a 

manner that is correlated with their Hammett parameter.  However, this is known only for 

cases where molecular anchoring groups define the transport direction to be along the 

molecular plane.  Interestingly, our previous experimental and theoretical studies showed 

that the fluorination of molecules does not affect the charge transport perpendicular to the 

molecular plane (Chapters 3, and 4).124, 127  To the best of our knowledge, there is no 

systematic study on whether the changes induced by chemical substitutions depend on the 

charge transport measurement axis, e.g., perpendicular vs. parallel, nor on the correlation 

of these effects with Hammett parameter.   

Recently, we showed that the orientation of molecules in the junction can be controlled 

through the stabilization provided by the formation of long-range ordered networks of 

molecules on the electrified substrate,124, 127, 130 or under open circuit potential 

conditions.100  This strategy enabled us to measure charge transport perpendicular to the 

molecular plane, where the  molecular orientation is stabilized through the interaction 

between the metal substrate and the π-system of the benzene derivatives.  In this study, we 

build on our previous investigation of charge transport through single mesitylene 
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molecules100 and explore how chemical substitution groups affect charge transport through 

junctions formed without the involvement of anchoring groups.  Using the scanning 

tunneling microscope-break junction method (STM-BJ), we fabricated single-molecule 

junctions of trinitromesitylene (TNM), tribromomesitylene (TBM), and 

hexamethylbenzene (HMB) to study the effect of electron-withdrawing (-Br and -NO2) and 

donating groups (-CH3) on charge transport perpendicular to the mesitylene plane (Figure 

5.1).  The results of this study can provide a predictive framework for fabricating practical 

molecular electronic devices with desired conductivity and functionalities.   

 
Figure 5.1. Molecular targets to probe the effect of chemical substituents on charge transport: (a) 
mesitylene, (b) tribromomesitylene (TBM), (c) trinitromesitylene (TNM), (d) hexamethylbenzene 
(HMB) 

 
 
5.2. STM of Target Molecules on Au(111) in 0.05 M H2SO4 

STM imaging of the surface covered with the molecules of interest before the charge 

transport measurements is advantageous, as it can provide information about the 

orientation of molecules on the surface.  Our previous study showed that mesitylene 

molecules form a long-range order structure on the Au(111) surface under open-circuit 

potential conditions, presumably as a result of strong molecule-substrate interactions.100  

Wan et al. reported that trinitrotoluene molecules adsorb on the Au(111) with the benzene 

ring parallel to the surface at electrode potentials below the zero charge potential of 
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Au(111) (0.3 VSCE).193  In this study, TNM and TBM did not form any ordered structure 

on the Au(111) without electrode potential control.   

As established by previous studies, applying an external voltage to the electrodes can 

modulate the molecule-electrode interactions, leading to change in the orientation of 

molecules.109, 120, 123, 194    In this investigation, we took advantage of the electrochemical-

STM and applied external potentials to the electrodes to control the orientation of 

molecules.  For the first time, STM images of TNM and TBM in 0.05 M H2SO4 showed 

the formation of ordered molecular networks on the negatively charged Au(111) surface 

(Vs= 0 VSCE for TNM and Vs= 250 mVSCE for TBM) (Figure 5.2). The cross-section analysis 

of STM images (Figure 5.2 b, d, insets) showed features (~0.4 nm wide) consistent with 

planar benzene molecules,193, 195 demonstrating that TNM and TBM molecules are oriented 

parallel to the surface of Au(111).   

The herringbone reconstruction of Au(111) is an indicator of molecule-substrate 

interactions.  The STM image of TNM showed no underlying reconstruction pattern 

(Figure 5.2 a) while it is preserved under the TBM molecular network (Figure 5.2 c), 

suggesting stronger interactions between TNM molecules and Au(111) compared to 

TBM.112  The stronger interaction of TNM with the Au(111) electrode could stem from the 

fact that nitro (-NO2) groups are more active withdrawing groups (withdrawing electrons 

from the π-system of the ring) relative to bromine (-Br) atoms (pulling out electrons from 

the σ-bond system),196, 197 resulting in the central ring in TNM being more electron-

deficient compared to TBM.  The STM imaging of HMB on Au(111) under potential 

control was not successful due to the high noise level.  Also, the imaging under open circuit 



 93 

potential conditions did not show any detectable ordered self-assembly, and the orientation 

of molecules cannot be determined from the images.  According to the above results, we 

postulated that the attractive intermolecular interactions (dipole-dipole) between the nitro 

(-NO2) groups in TNM  198, 199 and halogen-halogen interactions,113, 114 in TBM play critical 

roles in the formation of ordered structures.  However, the lack of strong intermolecular 

interactions between methyl groups in HMB prevents the development of the molecular 

network.  Although applying an external electric field could impact the formation of 

ordered structures, our STM imaging under electrode potential control was very noisy, 

hence the electrochemical imaging will be further investigated.  
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Figure 5.2. STM images of saturated solutions of trinitomesitylene (TNM) and tribromesitylene 
(TBM) in 0.05 H2SO4: TNM, Vs= 0 VSCE imaged over (a), 25 × 25 nm2, (b) 10 × 10 nm2. TBM, 
Vs= 250 mVSCE imaged over (c), 200 × 200 nm2, (d) 15 × 15 nm2, insets: cross section analysis of 
STM images, size of feature consistent with molecular dimensions. All images are acquired at It= 
0.1 nA and Vtip= 50 mVSCE. 

 

5.2.1. Electrode Potential-Dependent STM Imaging 

The self-assembly of molecules, and their order to disorder transitions, as a function of 

electrode potential have been previously observed.109, 194, 200  The molecule-molecule and 

molecule-electrode interactions, the stability of the electrodes at particular voltages, e.g., 

surface oxidation, and the balance between the binding (adsorption energy) and mobility 
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of molecules can all impact the formation of the ordered network and the transition to a 

disordered phase.109, 123, 194, 200, 201  In our potential-dependent STM study, we observed that 

the ordered structures convert to disordered phases as the electrode potential moves toward 

more positive values for both TNM and TBM.  Complete disorder is achieved at 450 mVSCE 

for both TNM and TBM.  As the electrode potential is swept back to negative values, the 

molecular network starts to reappear until complete recovery is observed at 50 mVSCE and 

150 mVSCE for TNM and TBM, respectively (Figure 5.3, and 5.4).  Therefore, we 

concluded that the ordered network with the central rings flat-orientated on the surface is 

stabilized on the negatively charged Au(111) for both molecules. 

 

 
Figure 5.3. Electrode potential dependent order to disorder phase transition for trinitromesitylene 
(TNM) in 0.05 H2SO4: (a) Vs= 150 mVSCE, (b) Vs= 250 mVSCE, (c) Vs= 650 mVSCE, (d) Vs= 450 
mVSCE, (e) Vs= 150 mVSCE, (f) Vs= 50 mVSCE, image size for (a), (b), (c), (d), and (e): 30 × 30 nm2, 
(f) 100 × 100 nm2. All images are acquired at It= 0.1 nA and Vtip=50 mVSCE 
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Figure 5.4. Electrode potential dependent order to disorder phase transition for tribromomesitylene 
(TBM) in 0.05 H2SO4: (a) Vs= 150 mVSCE, (b) Vs= 350 mVSCE, (c) Vs= 650 mVSCE, (d) Vs= 350 
mVSCE, (e) Vs= 250 mVSCE, (f) Vs= 150 mVSCE, image size for (a), (b), (c), (d), (e), and (f): 15 × 15 
nm2, (g) 25 × 25 nm2.  All images are acquired at It= 0.1 nA and Vtip= 50 mVSCE. 

 

5.3. Single Molecule Conductance of TNM, TBM and HMB on Au(111) in 

0.05 M H2SO4 

Following the STM imaging, we performed single-molecule conductance measurements 

of TNM and TBM at the electrode potentials where the molecules adsorbed on Au(111) 

with the central ring parallel to the surface (below the zero charge potential of Au(111)).  

The current histograms generated using ~2500 current-distance traces collected on the 

negatively charged Au(111) showed conductance peaks at ~ G0 (assigned to the quantum 

of conductance) and 0.31 G0 and 0.20 G0 for TNM and TBM, respectively (Figure 5.5 a, 

b).  The conductance measurements for HMB with no electrode potential control showed 
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a peak at 0.022 G0, almost ten times smaller than the values observed for TNM and TBM 

(Figure 5.5 c).   

Previous studies have shown that when there are no anchoring groups, a single molecule 

junction can be formed through the interaction of the π-system of the benzene ring with the 

metal electrodes, and the charge transport can be measured perpendicular to the molecular 

plane.66, 67, 69, 70, 98  For example, mesitylene, which has no appropriate anchoring groups, 

showed a conductance of 0.13 G0, assigned to the flat oriented molecule in the junction.100  

Accordingly, as HMB and TBM do not have suitable anchoring groups to form a junction 

along the molecular plane, the observed conductance peak likely arises from a charge 

transport pathway perpendicular to the benzene ring.   

The conductance values observed for TNM and TBM are consistent with the relatively 

high values identified for other flat-oriented benzene derivatives in the literature.66, 67, 70, 98, 

100, 124, 127, 130  In the case of TNM, it is possible for nitro groups to bind to the surface and 

form a junction along the molecular plane.  However, according to the previous studies and 

the STM images obtained in this study (Figure 5.2 b), benzene derivatives tend to lie flat 

on negatively charged electrodes.109, 124, 130  Therefore, we concluded that the conductance 

peak observed for TNM stems from the charge transport measurement perpendicular to the 

molecule’s π-system.   
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Figure 5.5. Single molecule conductance of benzene derivatives in 0.05 M H2SO4: (a) 
Trinitromesitylene (TNM), Vs= -50 mVSCE, Vb= 50 mV, 2790 curves, (b) 2D histogram of TNM, 
circled area shows conductance at 0.31 G0. (c) Tribromomesitylene (TBM), Vs = 150 mVSCE, Vb= 
50 mV, 3079 curves, (d) Hexamethylbenzene (HMB), no potential control, Vb = 45 mV, 2753 
curves.  Insets in (c) and (d) are 2D histograms, length of the junction consistent with the flat 
oriented molecules.   

 
 
Previous experimental and theoretical studies showed that the conductance of flat-oriented 

mesitylene is around 0.13 G0.100-102  The findings of this study suggest that bromine and 

nitro substitution of mesitylene increases the conductance to 0.20 G0 and 0.31 G0, 

respectively.  However, for HMB the conductance value decreases to 0.022 G0, five times 

smaller than for mesitylene.  Therefore, it is evident that the charge transport perpendicular 

to the π-system of mesitylene depends on the nature of functional groups attached to the 

benzene.   
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Now, the question is how do different functional groups influence the change transport 

perpendicular to the molecular plane?   The change in the conductance of TNM, TBM, and 

HMB relative to mesitylene could stem from modulations of the physical and electronic 

properties induced by the replacement/addition of electron-donating/withdrawing groups.  

Our experimental and theoretical studies showed that tunneling perpendicular to the π-

system of benzene rings is mediated through LUMO orbitals (closest orbital to the Fermi 

level of the gold electrode).124, 127  It is known that electron-donating groups raise the 

energy of LUMO orbitals, and electron-withdrawing groups have the opposite effects.202  

Therefore, we can hypothesize that upon the addition of methyl groups to mesitylene (in 

HMB), the LUMO orbital moves away from the Fermi level, resulting in a lower 

conductance of HMB.  However, upon the addition of bromine and nitro groups, the energy 

of LUMO decreases and gets close to the Fermi level of the gold electrode, leading to the 

increased conductivity in TNM and TBM relative to mesitylene. 

 

5.3.1 Comparison with Previous Studies 

Interestingly, our previous experiments combined with the theoretical calculations showed 

that the conductance perpendicular to the plane of flat oriented terephthalic acid (TPA) and 

tetracyanoquinodimethane (TCNQ) did not change upon addition of fluorine atoms (Figure 

5.6).124, 127    This is somewhat surprising as it is well-established that charge transport 

along the molecular plane (when molecules are linked to the electrodes via anchoring 

groups) can be modulated using chemical substitution.184, 185, 190-192  The NEGF-DFT-based 

calculation results predicted that the conductance parallel to the molecular plane of TPA is 

~ 2 times higher than its fluorinated analogue.124  It is established that  molecules interact 
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differently with electrodes when they form a junction via anchoring groups compared to 

the case where there is no anchoring group involved (i.e, metal-π interactions vs. chemical 

bonding).109, 130  Also, different orientations of molecules in the junction could lead to 

different electronic structures and molecular orbital alignment relative to the Fermi level 

of electrodes.127, 130  Therefore, first, we hypothesized that the effect of chemical 

substitutions could depend on the axis that the charge transport is being measured.  In the 

current study, we observed noticeable variations in the conductance perpendicular to the 

central ring of tri-substituted molecules relative to the mesitylene conductance.  Therefore, 

it appears that for TNM, TBM and HMB, as opposed to TPA and TCNQ, that the chemical 

substitution can affect the perpendicular charge transport in a similar manner as they affect 

parallel charge transport.  The  magnitude of the conductance change could arise from the 

strength and reactivity of corresponding functional groups.189   

 

5.3.1. Correlation of Conductance Perpendicular to the Molecular Plane with 

Hammett Parameter 

Following prior analysis of chemical substitution, we investigated the correlation of the 

Hammett parameter with the induced changes by different substituent groups in charge 

transport perpendicular to single molecules.  The conductance of mesitylene, TNM, TBM, 

and HMB plotted relative to their Hammett parameters shows that the conductance 

perpendicular to the π-system of benzene derivatives increases as the Hammett parameter 

moves to more positive values (Figure 5.6).  This trend is consistent with the expected 

LUMO-mediated tunneling described above.  Accordingly, as the nitro groups pull 

electrons from the π-system of the ring,197 we expect a decrease in the LUMO energy level, 
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which result in almost two times higher conductance value relative to the unsubstituted 

mesitylene (0.31±	0.01 G0).  The smaller change in the conductance of TBM compared to 

mesitylene (0.20 ±	0.01 G0) is consistent with the weaker electron-withdrawing nature of 

bromine atoms.  On the other hand, the energy of the LUMO in the HMB is increased due 

the additional electron donating groups, resulting in a decrease in conductance compared 

to mesitylene (0.022 G0).  Overall, we can conclude that chemical substitution groups affect 

charge transport perpendicular to the molecular plane in the same way as they affect 

transport along the molecular axis.  These experimental results are further supported by 

DFT-calculation. 

 

Figure 5.6. Single molecule conductance of trinitromesitylene (TNM), mesitylene, 
tribromomesitylene (TBM), and hexamethybenzene (HMB) as a function of Hammett constant of 
the functional groups.  The error bars for mesitylene, TNM, and TBM are the standard deviations 
for conductance values measured in different experiments. The experimental and calculated 
conductance values of TPA and TFTPA are plotted for comparison from reference.124  The dotted 
line is a guide to the eye. The Hammett constants are adopted from reference 203 
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5.4. Calculations 

NEGF-DFT168, 169 based calculations were employed to investigate the low-bias 

conductance of mesitylene, TNM, TBM, and HMB in collaboration with colleagues at 

Binghamton University (Professor Manuel Smeu, and Dr. Stuart Shepard).  Structures are 

optimized with DFT at different electrode separations to determine the optimal distance. 

The right electrode in Figure 5.7 a, starts far from the molecule on the surface and is moved 

closer at 0.1-Å increments.  The Au tip is initially centered on the benzene ring, but as the 

electrode is moved closer, the mesitylene molecule shifts such that the Au tip is located 

above a carbon atom, suggesting that the Au-C alignment is the preferred geometry (see 

top view in Figure 5.7).   

 
Figure 5.7. Mesitylene optimized geometry in the junction, (visualized with VESTA204), (a) side 
view. Black dotted lines enclose atoms which are fixed during geometry optimization, (b)top view. 
The small red circle is the Au-tip and was changed for clarity of the tip-mesitylene alignment. Wide 
energy range (c) and zoomed-in (d) transmission function of mesitylene and substituted mesitylene 
molecules. 
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The same approach is used for each mesitylene derivative and their transmission functions 

are plotted in Figure 5.7 b, c.  The first large peaks (~>1 a.u.) above the Fermi energy (0 

eV) are a mix of LUMO and LUMO+1 channels, while features beginning at ~-2 eV are 

HOMO and HOMO-1 channels.  A comparison of scattering states and isolated molecular 

orbitals is made in the SI of reference 205. The calculated conductance values are 

consistent with experimental conductance measurements of mesitylene, TNM, TBM, and 

HMB (Table 1).  The calculated conductance values follow the Hammett constant trend, 

confirming the effect of different substitution groups observed in the experiment.  

Upon analysis of the transmission spectra, one can see that the shifting in energy of the 

LUMO peak correlates well with the Hammett parameters.  The order of the transmission 

height near the Fermi level (0 eV) is also in agreement with the experiment, at least 

qualitatively. Better quantitative agreement may also be achieved if it were it not for the 

wide feature near 0.5 eV (Figure 5.7 d) that remains at the same energy, in all but TNM, 

despite the shift of the LUMO feature. The source of this feature is not clear, but it is 

believed to be an artifact from the numerical simulations. A built in broadening 

functionality168, 169 is used to smooth out smaller features (𝜂=0.01) to get a clean, 

representative trend of the conductance in the vicinity of EF, which is in agreement with 

the experimental results. 
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Table 5.1. Summary experimental and calculated conductance of mesitylene and tri-substituted 
derivatives. 

Molecules Hammett 
Constant203 

Conductance 
(Experiment/G0) 

Conductance 
(Theory/G0) 

Mesitylene 0 0.13 0.09 
TNM 0.71 0.31 0.14 
TBM 0.32 0.20 0.10 
HMB -0.07 0.02 0.07 

 

5.5. Conclusions 

We investigated the effect of chemical substituent groups on charge transport perpendicular 

to the π-system of mesitylene to address whether the impact is the same as for charge 

transport along the molecular plane.  To test this hypothesis, charge transport 

measurements perpendicular to TNM, TBM, and HMB planes are reported for the first 

time in this study.  In the single molecule junction with no involvement of anchoring 

groups, the nature of interactions between the electrodes and the molecule is different 

compared to when a molecule bridges the gap via anchoring groups (metal-π interactions 

vs. chemical bonding).109, 130  Also, the change in the orientation of molecules in the 

junction could result in different electronic structures and molecular orbital alignment 

relative to the Fermi level of electrodes.127, 130  Hence, we expected chemical substitutions 

to impact perpendicular charge transport differently to the case where anchoring groups 

define the charge transport pathway.  Our experimental results, along with theoretical 

calculations, showed that the perpendicular conductance of the parent molecule 

(mesitylene) increases upon the addition of electron-withdrawing groups (Br and NO2), 

and decreases in hexamethyl benzene, where electron-donating groups (CH3) are 

introduced.  These results correlate well with the Hammett parameter, suggesting that the 

electronic structure of molecules and the charge transport perpendicular to the molecular 
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plane are affected by the nature of functional groups, i.e., their electron 

donating/withdrawing strength.   The findings of our study contribute to our understanding 

of the effect of substitution groups on charge transport through single molecules and could 

lead to the design and fabrication of practical electronic devices based on molecular 

components.   
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CHAPTER 6: MODULATION OF CHARGE TRANSPORT 

THROUGH SINGLE MOLECULES INDUCED BY THE LOCAL 

SOLVENT ENVIRONMENT   

6.1. Introduction 

The charge transport characteristics of molecular electronic components depends on the 

intrinsic properties of the constituent molecules, electrodes, and their environment.  

Control and modulation of the electronic properties of single molecules and the consequent 

charge transport using external physical and chemical parameters, e.g., light,205, 206 gate 

voltage,124, 207-209 mechanical force,210, 211 molecule-electrode binding geometry,77, 127, 128, 

130 chemical reaction,212, 213 environmental pH207, 214 have been extensively studied, leading 

to the emergence of a wide range of functionalities and possible applications.  However, 

other extrinsic factors in the molecular junction architecture can impact the conductance.  

Many charge transport measurements are performed in a solvent environment, where 

molecules and electrodes directly interact with the solvent molecules.  Despite the critical 

role of solvent molecules and their interaction with the molecular junction and electrodes, 

its impact on charge transport through single molecules has only been addressed in a few 

studies.  On the other hand, due to the complexity and computational cost, the solvent effect 

has been overlooked in most theoretical studies, and the charge transport simulations are 

mainly performed in a vacuum, while the solvent is an integral part of many experiments.   

In a systematic study by Luka-Guth and Scheer et al., the electrical conductance of a series 

of typical pure solvents, e.g., mesitylene, 1,2,4-trichlorobenzene, toluene, ethanol, and the 
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mixture of tetrahydrofuran (THF) and toluene or isopropanol, commonly used in single-

molecule charge transport measurements, were investigated.84  Interestingly, their results 

demonstrated that some molecules can form a junction, and are therefore not suitable as 

solvents for single-molecule conductance measurements.  The analysis of the I-V curves 

and modeling showed that mesitylene, toluene, and the mixture of toluene/THF, are 

suitable for single-molecule conductance measurements as the majority of I-V curves did 

not fit well with tunneling models, and their charge transport characteristics can be 

distinguished from the functional molecule of interest.84  In 2011, Fatemi and 

Venkataraman et al. measured the conductance of benzenediamine (BDA) in 13 different 

solvents, revealing that the binding of solvent molecules to the gold electrode alters the 

probability of molecular junction formation as well as the work function of the gold 

electrodes.85  Likewise, Kotiuga and Neaton et al. reported that the transport properties of 

bipyridine junction can be modulated through the local potential induced by solvent 

molecules on the electrode surface.86  The calculation results predicted that the HOMO- 

and LUMO-mediated molecular junctions showed opposite responses to the solvent.  

Therefore, employing different solvents can be a feasible strategy to distinguish the charge 

transport mechanism.86  Milan and García-Suárez et al. showed that the conductance of 

oligoyne-based molecular wires strongly depends on the solvent medium.87  In mesitylene, 

the conductance of the whole series (n = 2-5) was the lowest with the highest decay 

constant.  However, 1,2,4-trichlorobenzene and propylene carbonate resulted in higher 

oligoyne-based molecular wire conductance values with a lower length decay constant.87  

Tang and Hong et al. explored the solvent gating effect (up to 800%) on the conductance 

measurement of a series of oligophenylethynylene-sulfurmethyl (OPE-SMe) and its 
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derivatives with different anchoring groups.180  The efficiency of solvent-induced gating 

depends on the choice of anchoring groups and the resulting molecule-solvent interactions.  

Their findings were supported by DFT calculations, showing a shift in relative energy 

alignment of molecular orbitals given the coupling strength of the anchoring group and 

electrodes.180  These experimental observations combined with theoretical calculations 

suggest that solvent-molecule and solvent-electrode interactions are the main factors 

influencing the conductance of single molecules.  However, there appears to be no study 

that distinguishes these effects and investigates the electronic/conformational changes 

within a molecule in the junction induced by the molecule-solvent interactions.  

Particularly, there is no charge transport study on molecules that show noticeable bulk 

electronic modulations as a function of the environment.  Therefore, it is important to 

understand how, and to what extent, the modulation of the bulk electronic structure affects 

the charge transport at the single molecule level. 

 

6.2. TICT Effect: Bulk Solvent Modulation Electronic Properties of 

Molecules 

Herein, we focused on dimethylaminobenzonitrile (DMABN) (Figure 6.1 a), which 

belongs to the specific class of donor (dimethylamine) - acceptor (nitrile) molecules.  The 

bulk electronic properties of these molecules significantly depend on the solvent polarity 

and viscosity.215-219  The unique behavior of DMABN in different solvents can be explained 

by the well-studied and accepted mechanism of twisted intramolecular charge transfer 

(TICT).220  According to the TICT model, excitation from the ground state to the excited 
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state leads to an initially-promoted locally excited state (LE), where the molecule is planar.  

Another state is accessible by internal motion where the dimethylamino group twists 90° 

relative to the phenyl ring (Figure 6.1 b), accompanied by an intramolecular charge transfer 

(CT) from the donor to the acceptor.  The CT state is more polar than the LE state and can 

be stabilized through interactions with a polar solvent  

This behavior is evident in the fluorescence spectra of DMABN in polar solvents that 

contain two bands.  The first fluorescence band could arise from the emission through the 

less polar LE state and the emergence of the second longer wavelength band is due to the 

stabilized CT state.  We hypothesized that because the electronic structure of DMABN is 

affected by its local environment (solvent polarity), the induced changes would impact 

DMABN electrical conductance.  Although no electron excitation occurs during the 

electrical conductance measurement, the change in electronic properties and the geometry 

of small molecules, e.g., excitation, electron loss/addition, and charge transfer can cause a 

similar change in structure and the consequent electronic properties of the molecules.221  

Therefore, the excitation can be compared and contrasted with the changes induced by 

charge gain/loss (in the ground state). 

 
Figure 6.1. Structures of (a) Planar dimethylaminobenzonitrile (DMABN), (b) Twisted 
dimethylaminobenzonitrile (DMABN), (c) Tetramethylparaphenyldiamine (TMPD). 
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Our single molecule conductance measurements of DMABN in different solvents show 

that the single molecule conductance of DMABN (the dominant peak) in acidified water 

and dimethylformamide (polar solvents) is ten times higher than the conductance in toluene 

and trichlorobenzene (nonpolar solvent).  The enhanced conductivity could stem from the 

stabilized charge transfer state (LUMO) in response to the strong interaction between the 

polar solvent and the twisted molecules.222  In contrast, the single-molecule conductance 

of tetramethylphenylenediamine (no TICT effect) in polar and nonpolar solvents exhibited 

no polarity-dependent conductivity, suggesting that the TICT state (or twisted geometry) 

is the main reason for the enhanced conductance of DMABN.  Ab initio molecular 

dynamics (AIMD) and non-equilibrium Green’s function calculations with density 

functional theory (NEGF-DFT) on DMABN are in good agreement with our experimental 

results.  Therefore, the molecules with the TICT effect can be considered as promising 

candidates to design molecular devices with switching and sensing functionality. 

 

6.3. Bulk Electronic Properties Investigation by Fluorescence Spectroscopy 

It is known that the electronic structure of molecules showing the TICT effect depends on 

the properties of bulk solvents.  Previous studies have investigated the electronic spectra 

of DMABN and showed that the absorption peak shifts by as much as 10 nm as the solvent 

polarity changes.217, 223  To illustrate the electronic structure changes in DMABN induced 

by bulk solvents, we measured the UV-vis absorption of DMABN in the polar and nonpolar 

solvents (acidified water and toluene, respectively) confirming that the absorption band red 

shifts as the polarity of solvent increases (Figure 6.2 a), indicative of electronic structure 

modulation due to the interaction of the solvent with the target molecules.  The electron 
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transfer from the ground state (HOMO) to the excited state (LUMO) upon photoexcitation, 

results in a polar biradical state.215, 221  We concluded that the polar solvents stabilize the 

CT state more than the LE state, resulting in a decreased gap between the excited and the 

ground state.   

The dual fluorescence of DMABN in polar solvents and the emergence of two excited 

states are explained best by the TICT model and have been previously investigated.  Hubisz 

et al. and Redi-Abshiro et al. showed that, except for the polar solvent cyclohexane, 

DMABN in dioxane, tetrahydrofuran, chloroform, dichloromethane, ethanol, acetonitrile, 

and glycerol exhibits short and long wavelength bands correspond to the LE and CT states, 

respectively.223 217  Towrie et al. reported the formation and co-existence of the two excited 

states of DMABN and 4-dimethylamino-3,5-dimethylbenzonitrile (TMABN) using time-

resolved infrared absorption spectra of the CN band.216  In this study, following the UV 

absorption measurements, fluorescence emission spectra of DMABN were obtained in 

acidified water and toluene solvents, and the effect of the polarity variation on the emission 

behavior of DMABN was examined.  The emission spectra of DMABN in toluene show 

only one band at 350 nm, assigned to the LE state emission.  This spectrum is independent 

of the excitation wavelength.  However, the fluorescence spectrum of DMABN in water 

consists of two bands at 360 and 520 nm, associated with the LE and the CT states, 

respectively (Figure 6.2 b).  Although the emission is independent of the excitation 

wavelength, the relative intensity of two fluorescence bands is affected by the excitation 

wavelength, demonstrating that the emission originates from two different electronic states.  
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These results establish that the electronic structure of DMABN in bulk solvent can undergo 

remarkable changes as the polarity of the environment changes. 

 

 

Figure 6.2.  Bulk electronic properties dimethylaminobenzonitrile (DMABN) in different solvents: 
(a) UV-Vis spectra of 10 µM DMABN in acidified water (blue) and toluene (red), (b) Fluorescence 
of 10 µM DMABN in toluene (red) and acidified water (blue) showing single and dual fluorescence 
emission, respectively. Excitation at 290 nm. 

 
   
6.4. Single Molecule Electrical Conductance Measurement 

6.4.1. SMC of DMABN in Toluene and Acidified Water 

The charge transport measurement through DMABN molecules in acidified water and 

toluene was performed using the STM-break junction (BJ) method in ambient conditions.  

In the BJ approach, the STM tip gradually approaches the Au (111) substrate to form a 

gentle contact with the surface, then is withdrawn to form a nanogap between the gold tip 

and the gold surface.  Molecules on the substrate can be trapped in the nano junction 

between the STM tip and Au(111) to form the metal-molecule-metal junctions.  As the 

STM tip is retracted from the surface, the current response is monitored simultaneously as 

a function of tip-substrate distance.  The current histograms generated from ~5000 current-

distance traces recorded in two different solvents, showed a single conductance peak at 
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0.25 mG0 in toluene (Figure 6.3 c, d) and three peaks at 0.25 mG0, 0.77 mG0, and 2.1 mG0 

in acidified water (Figure 6.3 a, b).  Inspection of the 2D histogram in water shows that 2.1 

mG0 is the most pronounced peak in acidified water compared to the rest of the peaks.  We 

hypothesized that the enhanced conductivity in acidified water solvent compared to the 

conductance in toluene could arise from the polar and twisted geometry of DMABN 

stabilized in the polar environment.  At this moment, the origin of the peak observed at 

0.77 mG0 is not clear and requires further investigation. 

 

 
Figure 6.3. Single molecule conductance of dimethylaminobenzonitrile (DMABN) in different 
solvents: (a) Current histograms for (DMABN) at Vbias= 0.05 V recorded in acidified water 
generated from 4687 curves, (b) 2D conductance histograms of curves recorded in water, showing 
three conductance regions, (c) Current histograms for (DMABN) at Vbias= 0.05 V recorded in 
toluene generated from 6126 curves, and (d) 2D conductance histograms of curves recorded in 
toluene, showing a single conductance region. The high intensity regions observed at -4.5 are 
background noise due to the pre-amplifier that appeared in both histograms. 
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6.4.2. SMC of DMABN in Trichlorobenzene (TCB) and N,N-dimethylformamide 

(DMF) 

In addition to toluene, the electrical measurements of DMABN were performed in 

trichlorobenzene (TCB) as a nonpolar solvent, to confirm the effect of solvent polarity.  

The current histogram measured in TCB shows a single conductance peak at 0.25 mG0, 

similar to the peak observed in toluene (Figure 6.3 a).  Therefore, it is evident that the 

single-molecule conductance of DMABN does not undergo any changes in nonpolar 

solvents, presumably due to the lack of stabilization of the CT state in nonpolar solvents.  

Also, we performed conductance measurement in the polar but aprotic solvent N,N-

dimethylformamide (DMF), where no protonation of molecules is expected.  The current 

histogram shows a well-defined peak at 2.5 mG0, consistent with the main conductance 

observed in acidified water.  Another broad peak observed at 0.3 mG0, consistent with the 

peak observed in water in a lower current value, assigned to the charge transport through 

the LE state.  Therefore, we can conclude that 1) The conductance of DMABN can be 

modulated in a polar solvent, and 2) the protonation of molecules does not have a 

significant effect on the effect of solvent polarity on the charge transport through DMABN.  

These observations indicate that the appearance of the new state with an enhanced 

conductance observed in polar solvents (acidified water and DMF) could be due to the 

stabilized TICT state in the polar solvent. 



 115 

 
Figure 6.4. Current histograms for DMABN at Vbias= 0.05 V recorded in (a) trichlorobenzene 
generated from 3244 curves, (b) in dimethylformaminde generated from 517 curves out of 2764.   

 

6.4.3. Control Experiments: SMC of TMPD in Toluene, Acidified water, TCB, and 

DMF 

To support our hypothesis that the TICT effect, i.e., the stabilized charge transfer state and 

induced internal rotation in DMABN, is the main reason for the enhanced conductivity in 

the polar solvents, we measured the conductance of a control molecule with no known 

TICT effect in bulk solvent, N,N,N',N'-tetramethyl-1,4-benzenediamine (TMPD)  (Figure 

6.5).  The conductance histogram, constructed from traces that contained plateaus longer 

than 100 pm (more details are provided in APPENDIX B), shows no polarity dependence, 

with conductance ~ 0.13 mG0 in all the solvents (Figure 6.5).  The observation of a single 

conductance peak with similar values for TMPD in protic-polar, aprotic-polar and nonpolar 

solvents indicates that the enhanced conductivity in polar solvents is not simply the result 

of solvent-molecule interaction.  The intrinsic properties of DMABN (TICT effect) and the 

structural change accompanied in the charge transfer state (dihedral angle change) appear 

to play an essential role in the enhanced conductivity.    
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Figure 6.5. Control single molecule conductance measurements of tetramethyldiphenylene 
(TMDP): Conductance histograms at Vbias= 0.05 V recorded in (a) Toluene (data selection of 284 
out of 3846 curves), (b) Acidified water (data selection of 260 out of 5162 curves), (c) TCB (data 
selection of 326 out of 4680 curves) (d) DMF (data selection of 466 out of 4617 curves). 

 
 
6.5. Computational Approach 

To elucidate upon the experimental findings, a combination of DFT calculations and non-

equilibrium Green’s function (NEGF)168, 224 calculations were performed by colleagues at 

Binghamton University (Professor Manuel Smeu, and Dr. Stuart Shepard).  The approach 

taken to investigate the DMABN junction-solvent system is to use AIMD. At the level of 

PBE225, specific solvent-molecule interactions, including hydrogen bonds226, are treated 

well and the trajectory will provide a realistic evolution of the geometry given sufficient 

equilibration time.  While this approach is costly, the benefit is that various effects are 

included, such as temperature, collisions, and bond breaking/formation, with the ability to 

track all parameters throughout the trajectory. 
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6.5.1. Ab Initio Molecular Dynamics (AIMD) and Transmission Functions 

A 9 ps AIMD trajectory is performed on a DMABN junction with pure H2O solvent.  The 

H2SO4 is not included in the simulation for simplicity and since experiments suggest pH is 

less important than the polarity of the water solvent. The DMABN junction is fixed for the 

first 0.5 ps while solvent is free to move.  The junction and solvent are then free to move 

for the remainder of the simulation.  All systems involving solvent were built with the aid 

of PACKMOL.227 

Snapshots of the transmission function at specific times are shown in Figure 6.6 d.  The 

peaks in transmission near 0 eV and 2 eV display little change in character or energy, while 

the HOMO peak (~ -1 eV) not only shifts in energy but can also smooth out or form two 

sharp peaks, in a reversible manner.  To help characterize each junction geometry along 

the trajectory, the anchoring Au-N bond lengths and dihedral angles are plotted as a 

function of time in Figure 6.6 a, b. At t = 1.5 ps (red), the nitrile is fairly disconnected from 

the flat electrode, with the closest surface Au atom at about 4 Å.  Similarly, the amino is 

about 3 Å from the Au-tip atom, which is abnormally far compared to the rest of the 

trajectory geometries.  This explains the overall order-of-magnitude drop in transmission 

function (with respect to t = 0 ps) at this time step.  As time progresses, the molecule 

becomes better coupled to the electrodes and the conductance returns close to the t = 0 

transmission function at t = 2.2 ps.  On the amino side, the Au-N bond (with the Au-apex) 

remains well connected and oscillates regularly around a bond length of 2.3 Å.  The 

movement of solvent molecules around the DMABN molecule had a noticeable effect on 

the transmission function but much less significant than anchoring group bond distance. 
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Figure 6.6. AIMD trajectory of a DMABN junction in water. (a) Three dihedral angles monitored 
throughout the AIMD trajectory whose plot colors correspond to the dihedral colors in (c) and line 
colors in (e). Green circles in (a) are the dipole moments of the DMABN molecule at a given time 
step calculated using DDEC6 net atomic charges and atomic positions. (b) Amino-Au tip (amino) 
bond length and various nitrile-Au surface bond lengths (nitrile) monitored throughout the 
trajectory. (c) Image of (left) the entire junction and (right) a close up of the junction and dihedrals. 
Visualized using VESTA204. (d) NEGF-DFT calculated transmission function at specific time steps. 
Plot colors correspond to vertical bars in plots in (a) and (b). (e) Head on view from the nitrile end 
of four different types of DMABN molecule geometries showing the rotation of the benzene ring 
(dotted brown line) relative to the two methyl groups (light orange and light blue lines) and the Au-
N bond on the amino end (black line) which is fixed to vertical since in the simulation it is fixed 
by the location of the electrode. 

 

Inspecting the dihedral angles in Figure 6.6 a, there are two events in which the phenyl ring 

rotates to ~90º with respect to the dimethylamino group, once at t = 3.25 ps (yellow vertical 

line) and again at 5.3 ps (black vertical line). Simplified graphics in Figure 6.6 e show the 

relative rotations of different parts of the molecule at those times (e2 and e3).  After ~250 
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fs in the twisted geometry, the molecule returns to the planar geometry (e1), remaining 

well connected in the junction throughout the whole process.  It should be noted that similar 

AIMD simulations of an out-of-junction DMABN molecule in explicit water solvent show 

that large twisting does not occur as readily or at all.  The e1 and e4 orientations lead to 

similar transmission functions, while the transmission functions at 3.25 and 5.30 ps (e2 and 

e3, respectively) show a significantly different character including an overall reduction in 

transmission with a more pronounced peak near 0 eV. 

The dipole moment of the DMABN molecule is calculated using the DDEC6228 net atomic 

charges and atomic positions roughly every 0.5 ps across the trajectory and at finer 

increments when a large twist angle occurs. The results are plotted in Figure 6.6 a (greens 

dots) and show a clear increase in the DMABN molecule dipole moment at large twist 

angle compared to planar geometries.  There is also a third, intermediate, twist orientation 

e4 which results in a similar increase in dipole moment.  Calculations of gas phase 

DMABN with varying twist angle in vacuum, water, and toluene, using a polarizable 

continuum solvent model (PCM)229, 230, all show a decrease in dipole moment with 

increasing twist angle.  This suggests that the interaction with the electrodes is vital to 

produce larger dipole moments in the ground-state electron density in twisted geometries.  

Further evidence of the effect of the electrodes is much smaller dipole moment calculated 

at t = 2.2 ps where the DMABN molecule is the most detached from the electrodes.  The 

larger dipole moments in e2, e3, and e4 may lead to increased stabilization of these 

geometries in more polar solvents.  
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6.6. Conclusions 

Electrical conductance through single molecules is a function of both the intrinsic 

characteristic of molecules and the physical properties of environment.  Particularly, charge 

transport through molecules that show unique effects, e.g., remarkable bulk electronic 

modulations in response to stimuli, is of a great interest.  In this study, we focused on 

dimethylaminobenzonitrile (DMABN), which belongs to a specific class of molecules, 

Twisted Intramolecular Charge Transfer (TICT), showing dual fluorescence in polar 

solvents.  We hypothesized that the bulk electronic structure modulations induced by 

different local environments (solvent polarity) can be detected in the electrical conductance 

of single molecules.  Our results show that DMABN in water (polar solvent) has ten times 

higher single-molecule conductance than in toluene (nonpolar solvent), possibly due to the 

stabilized charge transfer state that lowers the LUMO in the polar solvent.  TMPD 

molecules, that do not show the TICT effect in bulk solvent, did not exhibit solvent-

dependent conductivity, indicating that the observed enhanced conductivity in DMABN in 

polar solvents is not a simple result of the interaction of solvent with the target molecules 

or with the electrode.  The intrinsic properties of DMABN (TICT effect) lead to the 

stabilized charge transfer state and the induced structural change in molecules upon charge 

transfer in the polar solvents.   

AIMD calculations suggest that the DMABN molecule in a molecular junction can access 

geometries with large twisting of the benzonitrile with respect to the dimethylamino group. 

The transmission undergoes a significant change only at large twisting angle due to 

breaking of the π-conjugation in the HOMO. Dipole moment calculations of the molecule 
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in-junction show an increase in dipole moment in small and largely twisted geometries 

compared to more planar ones.  This supports the experimental findings suggesting that 

polar solvents may further stabilize a twisted state with respect to planar leading to another 

conductance feature. 
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CHAPTER 7: SUMMARY AND PERSPECTIVES 
 

The miniaturization of electronic devices down to the nanoscale presents significant 

scientific and technical challenges.  In this dissertation, we focused on devising strategies 

for modulating charge transport through small benzene derivatives as promising candidates 

for molecular electronic devices due to the possibility of formation of molecular junctions 

with several different desired geometries, variable molecule-electrode electronic 

couplings, and electronic structure perturbations induced by chemical substituents and the 

physical properties of the environment.  We have used the scanning tunneling microscopy 

(STM) to image different molecular networks, and the scanning tunneling microscopy-

break junction (STM-BJ) method to measure the conductance of molecules bridged 

between two electrodes (the conducting substrate and the STM tip) in an ambient or 

electrochemical environment.  The experimental results are supported by collaborators 

who performed Nonquilibrium Green Function-Density Functional Theory (NEGF-DFT) 

to help rationalize our results. 

The fundamentals of this dissertation are built on the approach introduced by our group to 

measure charge transport perpendicular to the plane of molecules that do not have standard 

anchoring groups, e.g., mesitylene.100  Access to this pathway is facilitated by the formation 

of an ordered network of molecules, stabilizing the flat-lying geometries and orienting the 

molecular plane perpendicular to the tip-substrate axis.  The charge transport measurement 

perpendicular to flat-lying mesitylene resulted in a conductance peak at 0.125 G0 (± 0.006), 

almost two orders of magnitude higher than the conductance measured along the molecular 

plane in conventional molecular junctions (where the anchoring groups define the charge 
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transport pathway).  Later, we hypothesized that if we force molecules with good anchoring 

groups to adsorb on the electrode surface in a flat orientation, we can access the high 

conductance (perpendicular) pathway, without coupling through the molecular anchoring 

groups, in a wide range of benzene derivatives.  The combination of electrochemical STM 

(EC-STM) imaging and STM-BJ methods enabled us to apply external voltages to the 

Au(111) electrode and control the formation of an ordered molecular network of 

tetrafluoroterephthalic acid (TFTPA) molecule.124  At potentials below the potential of 

zero-charge (PZC) of Au(111), the molecules lie flat on the surface and form a long-range 

ordered network mediated by direct contact between the π -system of the central ring and 

the metal electrode.124  The conductance of flat-oriented TFTPA, along the axis 

perpendicular to the benzene ring, is 0.22 ± 0.02 G0, about 100 times higher than the 

predicted conductance when the molecule is vertically oriented.124  Therefore, we showed 

that the orientation of molecules in the junction, and the corresponding charge transport, 

can be controlled using electrode potentials.  These results offer a new approach to design 

and fabricate single-molecule devices, e.g., electromechanical switches whose 

conductance can shift from high (planar) to low values (vertical).   

In the project described in Chapter 3, we demonstrated that the orientation of molecules 

can dramatically affect the electrical properties of the junction.  We decided to expand the 

geometry effect and modulate the adsorbate−substrate interactions, including 

denticity/binding contact between molecules and electrodes, and measure single-molecule 

conductance in different geometries.  We measured charge transport through two 

fundamentally important molecules, tetracyanoquinodimethane (TCNQ) and its 
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fluorinated derivative, tetrafluorotetracyanoquinodimethane (F4TCNQ).127  The flat-

oriented TCNQ and F4TCNQ molecules on the negatively charged Au(111) exhibit similar 

but relatively high conductance of ~ 0.22 ± 0.01 G0 and 0.24 ± 0.01 G0, respectively.127  

Also, two lower values of 0.02 G0 and 0.05 G0 detected for both molecules, are attributed 

to bidentate-bidentate and monodentate-bidentate configurations in the junction.127  In 

conjunction with the experiments, density functional theory (DFT) and non-equilibrium 

Green’s function (NEGF) calculations showed how the orientation and denticity influence 

the molecular orbital offsets relative to the Fermi level and provide assignments for the 

different conductance values measured to specific molecular geometries.  The experimental 

and theoretical results highlight the importance of molecule-electrode binding 

configuration to design efficient single-molecule devices, e.g., switches and sensors.   

Interestingly, according to our previous findings (single-molecule conductance of TFTPA, 

and TCNQ/F4TCNQ, described in Chapters 3, and 4),127 neither experiments nor 

calculations showed a significant change in the charge transport measurement 

perpendicular to the benzene ring upon the fluorination of the molecules.  It is well-known 

that chemical substitution impacts the electronic structure of molecules, which can affect 

the charge transport through molecular junctions.  However, there is no systematic study 

on how different functional groups affect charge transport perpendicular to the molecular 

plane, and whether this effect depends on the charge transport measurement axis.  

Therefore, we decided to build on our previous report of charge transport perpendicular to 

the mesitylene plane100 and investigate the effect of electron-donating and withdrawing 

groups on the perpendicular conductance of tribromomesitylene (TBM) and 



 125 

trinitromesitylene (TNM) (electron-withdrawing groups) and hexamethyl benzene (HMB) 

(electron-donating groups).231  The results showed that the conductance of TBM and TNM 

increased, relative to mesitylene (0.13 G0), upon introducing bromine atoms and nitro 

groups to 0.20 G0 and 0.31 G0, respectively.231 However, the conductance of hexamethyl 

benzene (0.022 G0) is ten times smaller than the conductance of TNM and TBM molecules.  

We concluded that these conductance modulations could arise from the shift in molecular 

orbital energies relative to the Fermi level.  Also, as our results correlate well with the 

Hammett constant of functional groups, we assumed that the degree of the induced changes 

depends on the strength of electron-donating and withdrawing groups.  The generalization 

of the Hammett parameters to the perpendicular charge transport through single molecules 

could serve as a predictive framework, motivating the design and fabrication of molecular 

devices with desired functionalities.   

The results provided in this dissertation indicate that the electrical conductance of single 

molecule-junctions can be manipulated by the intrinsic properties of molecules, e.g., 

orientation, binding to the electrode, and the chemical nature.  As many charge transport 

measurements have been performed in the presence of solvents, we decided to investigate 

how solvent (physical properties of the environment) could influence charge transport at 

the nanoscale.  We decided to concentrate on investigating the conductance of molecules 

whose bulk electronic structures can be remarkably modulated in different solvents, 

contrary to the strategies that investigated solvent effects on single molecule conductance.  

In this research, we focused on dimethylaminobenzonitrile (DMABN) that belongs to a 

specific class of molecules, characterized by Twisted Intramolecular Charge Transfer 
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(TICT) states, showing bulk electronic properties that depend on the degree of solvent 

polarity.222  We hypothesized that because the bulk electronic structure of DMABN is 

affected by its local environment (solvent polarity), the induced changes can be detected 

in its electrical conductance.  Our results show that the single-molecule conductance of 

DMABN in acidified water (polar solvent) is ten times higher than in toluene (nonpolar 

solvent), possibly due to the stabilization of the charge transfer state in polar solvent that 

lowers the LUMO energy level.222  We ran control experiments on 

tetramethylphenylenediamine (TMPD) (that does not show the TICT effect) to test the 

hypothesis that the TICT state is the main reason for the increased conductance of 

DMABN.  The results showed that the conductance of TMPD is independent of the solvent 

and the polarity of the environment.222  The NEGF-DFT combined with AIMD showed 

that the DMABN undergoes some internal rotation in the junction in water, and that the 

twisted state could be stabilized in polar solvents.  Our results show that molecules with 

the TICT effect can be promising candidates to design molecular devices with sensing and 

switching functionality. 

The findings of this dissertation, combined with the NEGF-DFT calculations of our 

collaborators, provide insight on factors that influence charge transport through single 

molecules, e.g., the geometry of molecule within the junction, the charge transport axis, 

the molecule-electrode binding, the characteristics and electronic structure of the molecules 

investigated, and the physical properties of environment.  Most of the studies addressing 

single-molecule junctions reported charge transport measured along the conventional axis, 

i.e., along the molecular plane.58, 79, 108, 158, 232, 233  However, as we showed in this research, 
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most of the benzene derivatives show an anisotropy effect, meaning that their conductance 

depends on the axis of charge transport measurement.100, 124, 130  We emphasize that the 

anisotropy concept should be taken into the account in the charge transport measurements, 

and the analysis of single-molecule junction data where different junction orientations are 

possible.  Also, we showed that solvents play a crucial role in modulating the atomic-scale 

charge transport, and their effect need to be considered in experiments, as well as in 

calculation approaches.  Furthermore, a systematic investigation of the impact of different 

chemical substitution groups on the molecules that can form both parallel and 

perpendicular junctions would provide insight on the degree of the effect based on the axis 

of charge transport measurement.  The overall results provided in this dissertation are 

crucial for understanding the fundamentals of atomic-scale charge transport, and to control 

single-molecule conductance for designing practical devices, e.g., integrated molecular-

nanoparticle circuits, molecular switches and sensors.   
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APPENDIX A: TIP FABRICATION AND COATING PROCESS 
 

Depending on the working environments, e.g., open circuit potential vs. electrode potential 

control, or the experiment mode, e.g., STM imaging vs. conductance measurements, 

different materials were used as the STM tip in our experiments. 

 

A. 1. Fabrication of Gold and Platinum Tips 

Platinum tips (used for the STM imaging in ambient/no potential control) and gold tips 

(used for the conductance measurement and some STM imaging experiments) were 

fabricated by mechanically cutting wires using a specially designed EREM wire cutter 

(purchased from Nanoscience Instruments), producing near-atomically sharp tips.  The best 

results using this method were achieved by holding a wire at a 30-degree angle relative to 

the cutter blades, then pulling and cutting the wire simultaneously.  The quality and 

sharpness of the fabricated tips were checked using an optical microscope.  Before 

mounting to the STM scanner, the tips were rinsed using 200 proof ethanol to remove any 

contamination. 

 

A. 2. Fabrication of Tungsten Tips 

For the electrochemical STM imaging, we used tungsten tips, fabricated using 

electrochemical etching methods.  In a custom-made two-electrode cell system, the 

tungsten wire works as an anode, and a platinum wire (a ring shape) serves as a cathode 

(Figure A.1).  A solution of 2 M NaOH is used as the electrolyte.  After placing the tungsten 

wire in the middle of the platinum loop, the electrodes are dipped into the electrolyte for a 
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short time (a few seconds).  Then the electrodes are removed, and a thin layer of electrolyte 

will be held by the platinum loop through surface tension.  Then a DC voltage (typically 

<10 V) is applied between electrodes.  After the etching process is completed, the lower 

part of the wire drops into a Teflon holder, resulting in an atomically sharp tip (Figure A.1).  

After rinsing with acetone and water (to prevent oxidation in the air), the quality of the tip 

is checked using an optical microscope.  The shape, sharpness, and apex radius of the tip 

can be controlled by adjusting the voltage and current flow.    

 

 

Figure A.1. Schematic of electrochemical etching system.  (a) Two-electrodes cell, Etching solution 
(electrolyte): 2 M NaOH, O-ring: Pt wire, STM tip: Tungsten wire. (b) optical image of etched 
tungsten tip, figure (b) is adopted from the dissertation of a previous group member (Afsari 
Mamaghani, Sepideh (2015), “The formation of two-dimensional supramolecular structures and 
their use in studying charge transport at the single molecule level at the liquid-solid interface”). 
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 A. 3. Insulation of STM/SMC Tips 

In all STM imaging and charge transport measurements in an electrolyte solution, the STM 

tip needs to be coated by an insulating layer to limit the contribution of Faradic current to 

the tunneling current.  We chose polyethylene to insulate the wires because it is stable in 

most of the solvents employed and in acidic environments.  A commercial glue gun, with 

polyethylene glue sticks (purchased from AdTech), was used to melt and control the flow 

of melted polymer.  The fabricated tip is held by a tweezer and is coated with melted 

polyethylene to cover the entire wire, except for a tiny portion of the tip apex used to 

measure the tunneling current.  The quality of the coating is examined using an optical 

microscope and tips that were not fully coated or became blunt during coating process were 

rejected.  With experience a yield of 70 % was achievable.  A perfectly coated tip usually 

results in a leaking current of 1-5 pA at the bias voltage of 100 mV, when immersed in an 

electrolyte.  After completing the coating process, the tip is immersed in ethanol and water 

to rinse off possible contaminations.   
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APPENDIX B: DATA ANALYSIS AND 2D HISTOGRAM FABRICATION 

In each experiment, current-distance curves are recorded as long as they meet the following 

criteria: 

1. The saturation current (the maximum current detected by the preamplifier) is reached   

2. The current should decay exponentially between plateaus/steps.   

If the current-distance curves do not have the above-mentioned characteristics, the 

recording is stopped, and either the tip or the sample are repositioned depending on the 

surface quality.  Then the recording is resumed.  These curves are converted to the text file 

in the PicoView (Agilent) software for further analysis. 

 

B.1. Manual Data Selection 

When data selection was required in the analysis, we proceeded with the following criteria 

(Figure B. 1) to identify data with molecular conductance features.  Only traces with a step 

length longer than 100 pm were selected to construct current histograms.  In addition, we 

excluded curves that: 

A) Do not reach the saturation point, i.e., the maximum current that the preamplifier can 

measure, at the closest approach to the surface.  We used a procedure written in the Igor 

Pro software (by a former post doc, Dr. Lorrane Vernisse). 

B) Have no steps.  This is done one by one, by manual inspection.  

C) Have current fluctuations while the tip is forming or breaking a contact with the surface, 

by manual inspection (The fluctuations were usually observed in the upper and lower part 

of the curves, i.e., close to the saturation and zero current limits).  
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D) Do not drop exponentially between plateaus/steps are excluded by manual inspection.  

E) Are noisy, non-monotonic using a file size separation criterion.  These types of curves 

are larger (296 kB) relative to normal curves (148 kB). 

 

 

Figure B.1. STM-BJ sample individual current-distance curves rejected in data analysis by manual 
inspection. The A, B, C, D, and E labels refer to the text in B.1. Manual Data Selection. 

 

B.2. 2D Histogram 

To fabricate 2D histograms, the current-distance curves need to be overlaid on top of each 

other.  However, due to the STM tip drift along Z-direction, as well as possible Au(111) 

surface imperfections (not atomically flat), tip-substrate distance varies during the 

experiment, the recorded current-distance curves do not start from the same coordinate.  

Using a script written in Matlab (in collaboration with Professor Tim Albrecht, 

Birmingham University), all current-distance curves were shifted to line up at a common 

zero coordinate.  After shifting the current-distance curves, the data was imported via a 



 160 

Matlab script we developed and used to load the shifted curves, reformat them to matrices, 

and construct 2D histograms.  The scripts are available upon request.   
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