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ABSTRACT 
 

Molecular electronics based on bottom-up electronic circuit design is a potential 

solution to meet the continuous need to miniaturize electronic devices.  The development 

of highly conductive molecular wires, especially for long distance charge transfer, is a 

major milestone in the molecular electronics roadmap.  A challenge presented by single 

molecule conductance is to define the relative influence of the molecular “core” and the 

molecular “interconnects” on the observed currents.  Much focus has been placed on 

designing conductive, conjugated molecules.  However, the electrode-molecule contacts 

can dominate the responses of metal-molecule-metal devices.  We have experimentally 

and theoretically probed charge transfer through single phenyleneethynylene molecules 

terminated with thiol and carbodithioate linkers, using STM break-junction and non-

equilibrium Green’s function methods.  The STM break-junction method utilizes 

repeatedly formed circuits where one or a few molecules are trapped between two 

electrodes, at least one of which has nanoscale dimensions.  The statistical analysis of 

thousands of measurements yields the conductance of single molecules.  Experimental 

data demonstrate that the carbodithioate linker not only augments electronic coupling to 

the metal electrode relative to thiol, but reduces the barrier to charge injection into the 

phenyleneethynylene bridge.  The theoretical analysis shows that sulfur hybridization 

provides the genesis for the order-of-magnitude increased conductance in carbodithioate-

terminated systems relative to those that feature the thiol linker.  Collectively, these data 
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emphasize the promising role for carbodithioate-based connectivity in molecular 

electronics applications involving metallic and semi-conducting electrodes.   

One of the strategies for building molecular wires that can transfer charge over 

long distance is to incorporate metal ions into the conductive molecular core.  Peptide 

nucleic acid (PNA) is a great candidate for this purpose.  Studying the conductivity of 

PNA can not only contribute to a better understanding of charge transfer through 

biomolecules, but can also help develop better molecular wires and other building blocks 

of molecular electronics.  We study the charge transfer of PNA molecules using the STM 

break-junction technique and compare with traditional macroscopic voltammetric 

measurements.  By measuring the resistance of different PNA molecules, we hope to 

develop a deep understanding of how charge transport though PNA is affected by factors 

such as the number and type of natural and artificial bases, embedded metal ions, pH, etc. 

Self-assembled monolayers (SAMs) of porphyrins are of great interest due to their 

diverse applications, including molecular devices, nano-templates, electrocatalysis, solar 

cells, and photosynthesis.  We combined a molecular level study of the redox reactions 

using electrochemical scanning tunneling microscopy (EC-STM) with a macroscopic 

electrochemical technique, cyclic voltammetry (CV), to study two redox active porphyrin 

molecules, TPyP (5,10,15,20-Tetra(4-Pyridyl)-21H,23H-Porphine) and 5, 10, 15, 20-

tetrakis (4-carboxylphenyl)-21H, 23H-porphine (TCPP).  We showed that the adsorbed 

oxidized TPyP molecules slowly change to brighter contrast, consistent with the 

appearance of the reduced form of TPyP, under reduction condition (0.0VSCE).  The time 

scale of the slow reduction is in the order of tens of minutes at 0.0VSCE, but accelerates at 

more negative potentials.  We propose that protonation and deprotonation processes play 
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an important role in the surface redox reaction due to geometric restriction of the 

molecules adsorbed on the surface.  EC-STM and CV experiments were performed at 

various pH values to investigate the mechanism of this anomalously slow redox reaction.  

Our results show that the increased concentration of H+ hinders the reduction of 

porphyrins, a feature that has not been reported preciously.  This provides insight into the 

details of the surface redox reaction. 
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CHAPTER 1 

INTRODUCTION TO SINGLE MOLECULE CHARGE TRANSFER 

1. Importance of Understanding Charge Transfer 

1.1. General Interest of Charge Transfer Study 

Electron transfer (ET) is one of the most important chemical processes.[1]  The 

electron is the smallest unit of charge in chemical processes and all chemical bonds 

involve electrons.  ET is the essential step of all electron transfer reactions, which can be 

seen in physical, inorganic, biological and organic chemistry.  ET has great impact in our 

every day life.  For example, ET reactions between iron and oxygen are responsible for 

corrosion of steel, which costs billions of dollars each year.  ET reactions are the crucial 

step in many biological processes,[1] for instance, protein-protein ET reactions[2-5], 

biological energy transduction processes[1, 6], light-harvesting in biological systems[1, 

7-9], etc.  In a number of redox enzymes that are critical for biological systems, electrons 

transfer efficiently over a long distance in a very short time.[5]  Many reactions in 

organic chemical systems involve radical ions, which are generated by removing or 

adding one electron from/to a neutral molecule, a result of electron transfer.[1] 

Understanding, manipulating and utilizing electron transfer in a variety of systems 

are important research tasks in chemistry.  There have been tremendous research effects 

in this field.[1]  ET study is also one of the broadest research areas in chemistry, present 

in almost every aspect of chemistry.[1]  In particular, ET study in molecular electronics 

has drawn great attention in the past several decades.[10-17] 

 



 

2 

1.2. Motivation: Molecular Electronics 

One of the most famous and influential speeches in the history of nanotechnology, 

“There is plenty of room at the bottom”, given by Dr. Feynman in 1959, will have its 50th  

anniversary this year.[18]  The past half century has seen tremendous progress in the field 

of microelectronics and molecular electronics, as Dr. Feynman foresaw.  Indeed, there is 

plenty of room at the bottom.  The continuous decrease of transistor size has been guided 

by Moore’s law [19-21] in the past half century.  However, there is a fundamental limit in 

CMOS based microelectronics: doping levels (< 1%) in solid-state semiconductor 

devices, the key to building field-effect transistors, result in, on average, a fraction of a 

doping atom per junction at the nanoscale, making the behavior of devices 

unpredictable.[22-24]    As the scaling of conventional CMOS (complementary metal–

oxide–semiconductor) based electronic devices faces increasing challenges on going to 

smaller and smaller sizes[25, 26],  molecular electronics is one of the solutions that could 

meet the need to miniaturize electronic devices.[22]   

Imagine that all electronic units are constructed of single molecules and 

connected by molecular wires, which have feature sizes down to a few nanometers.  

Imagine that those molecular units self assembling to form electronic devices.  Imagine 

how the addition or removal of a single electron controls the response of electronic 

devices.  Molecular electronics has the potential to transform the world of electronics.  

The beauty of using single molecules as electronic units is that each molecule has its own 

characteristic electrical (or mechanical, optical, magnetic, and more) properties that are 

sensitive to the molecular structure.  The capability of designing and synthesizing a 

variety of molecules using advanced organic synthesis techniques enables us to build all 

possible electronic units using single molecules. 
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1.2.1. History of Molecular Electronics 

In 1958, the US Air Force and Westinghouse coined the term “molecular 

electronics” in a collaborative program to build monolithic integrated circuits.[27]  

Figure 1- 1, drafted by an Air Force colonel in 1958, is similar to most illustration charts 

used nowadays.  Lacking of sufficient theoretical and experimental foundation, the 

program was too pioneering at that time and eventually failed.[27]  However, driven by 

the desire to build a new electronics platform beyond silicon ICs, the effort to develop 

molecular electronics was never stopped.    

Due to the lack of advanced experimental techniques in early times, theorists took 

the leading role in the development of molecular electronics.  Considered as the founding 

statement of molecular electronics, the paper published by Dr. Aviram and Dr. Ratner in 

1974,[28] “Molecular Rectifiers”, is purely theoretical.  At that time, even the authors did 

not know how to solve the problem of manufacturability.[27]  Without the support of 

experimental results, molecular electronics was seen by its critics as a scientific fantasy 

that could not be realized.[27]  It was not until the late 1980s, with the advent of the 

scanning tunneling microscope (STM), that molecular electronics research accelerated 

dramatically.[27, 29]  It is the capability of directly measuring the properties of single 

molecules that stimulated research in molecular electronics in the late 1980s.  In addition, 

scanning probe microscopy (SPM), including STM and AFM (atomic force microscopy), 

is not limited to the characterization of molecular devices.  It can also serve as a tool for 

nano scale modification and fabrication. 
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Figure 1- 1: The first illustration of molecular electronics in 1958.[27] 

 

1.2.2. Recent Progress in Molecular Electronics 

There has been tremendous progress in the field of molecular electronics, both in 

theory and in experiments, for example, on molecular rectifiers[30, 31], molecular 

switches[13, 32, 33], molecular wires[12, 34-43], and molecular memory[44-46].  It has 

been shown experimentally that single molecules can behave as Esaki diodes when 

negative differential resistance (NDR) is observed in a number of molecular systems.[47-

50]  The NDR effect refers to a region of current decrease with increasing voltage in the 

I-V characterization of a device, which can be used for many applications, including low 

power memory cells. 

Taking advantage of the diverse properties of molecular systems, a number of 

special molecular devices have also been demonstrated.  For example, the interaction 

between single molecules and light leads to the development of molecular light switches 

based on photochromic behavior[45, 51-53], fluorescence[54, 55], and other effects.[56-
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59]  Many other molecular systems, like the molecular abacus[60, 61], molecular 

oscillators[62], molecular motors[63, 64], etc. have also been demonstrated. 

Most importantly, real molecular electronic devices have been built,[65, 66] 

suggesting that molecular electronics is not science fiction, but something that can be 

achieved.   For example, a high density molecular memory (Figure 1- 2),[65] made by 

bistable [2]rotaxane, was built using a cross-bar setup.[67, 68]  Although the 

demonstrated device is not a pure molecular device, but a hybrid of traditional methods 

and a molecular approach, it is still promising enough to show that we can expect 

molecular electronics to be realized in the near future.  Using molecular devices to 

improve current electronics devices is a reality at the present time. 

 

 

Figure 1- 2: A monolayer of bistable, [2]rotaxane molecules (A) is used as the�

data storage elements for a memory device (B). [65] 
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1.3. Molecular Wires 

The development of conductive molecular wires that function as electronic 

components in miniaturized electronic devices is a major milestone in the molecular 

electronics roadmap.  The molecular wire, the connection between active electronic units, 

is one of the key elements in molecular electronics.  The synthesis, characterization and 

understanding of molecular wires that have high conductance and low � values (� is the 

coefficient describing how molecular conductance decreases with increased length) is of 

great interest for researchers in this field.  Recent years have seen great progress in this 

field both theoretically[69-74] and experimentally.[34, 43, 75-81]   

Because of the exponential decay of conductivity in saturated σ-bonded systems, 

due to the tunneling nature of electron transfer in such molecular systems, alkane chains 

are not suitable for charge transport in molecular electronics.[10, 75, 81]  It has been 

suggested that molecules with delocalized, conjugated π backbones possess much higher 

conductance and much smaller β values than saturated σ-bonded systems.[10, 41, 82]  

There has been much focus on developing molecular cores based on π-conjugated 

building blocks, giving β values in the range of 0.2-0.6 Å-1.[10, 41, 82]  Recently, a few 

single molecule junction measurements with highly conjugated, low band gap oligomers 

have demonstrated an efficient long range charge transport with very small β values (� 

0.2 Å-1).[42, 83-85]  For example, butadiyne bridged porphyrin oligomers display a very 

low β of 0.04 Å-1, suggesting that both superexchange and hopping mechanisms (section 

�2.2.1) may be present within one system.[84]  Notably, Choi et al. demonstrated that in 

the systematic molecular length increase of conjugated oligophenyleneimine (OPI) 

oligomers allows one to observe the theoretically predicted transport mechanism 

transition from tunneling to thermally activated hopping with molecular length in the 

metal-molecule-metal (m-M-m) junctions.[40]   The extent of π-conjugation, band gap, 
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and length of the molecular cores are important in transporting charges efficiently over 

long distances and even to control transport mechanisms. 

 

2. Charge Transfer Theory 

The basic challenge in molecular electronics is to understand and control charge 

transfer in molecular systems.  Before further discussion, it is important to review some 

of the basic principles of charge transfer. 

 

2.1. General Theory 

2.1.1. Fermi Energy 

In molecular electronics, to control or test molecular devices, the molecules have 

to be connected to external systems, usually metal electrodes.  This is very similar to a 

classical view of electronics, where electronic devices are connected using metal wires.  

However, at the molecular dimension, the classical theory of charge transfer, for example 

Ohm’s law, does not work anymore.  All electronics have to be described using quantum 

mechanics.  The first important concept is the Fermi Level (or Fermi Energy). 

The Fermi-Dirac distribution function f(E) describing the occupation of electrons 

when they are treated as non-interacting  particles is given by   

1]/)exp[(
1)(

+−
=

TkEE
Ef

BF

 
Eq. 1- 1 

where f(E) is the probability of an energy level E being filled by an electron.  When E = 

EF, f(E) = 0.5, which means Fermi level is an energy level that has a 50% probability of 

being empty and 50% probability of being filled.  In metals, since the energy states fill a 

continuous band, the Fermi level refers the energy level that separates the filled and 

unoccupied states.  

 



 

8 

 

Figure 1- 3: a) Scheme showing occupied levels and unoccupied levels separated 

by Fermi level.  b) Fermi-Dirac distribution at various temperature.[86] 

 

The Fermi level is an important concept and we will mention it repeatedly in later 

discussion of charge transfer through single molecules which are connected to metal 

electrodes. 

 

2.1.2. Fermi’s Golden Rule 

One of the central problems in quantum mechanics is to solve the time dependent 

Schrödinger equation, which describes the evolution of the system.  For molecular 

electronics, a practical problem is to describe the electron transfer between energy states.  

For that, it is important to understand Fermi’s golden rule, which deals with the transition 

rate from an energy state to another. 

For a system described by a Hamiltonian H, the Schrödinger equation is: 
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ψψ
t

iH
∂
∂= �  Eq. 1- 2 

where H = H0 + H’ is a combination of an initial, time independent Hamiltonian H0 and a 

time dependent perturbation H’.   

At time zero, when there is no perturbation, the eigenfunctions satisfy the 

following condition: 

nnn EH ψψ =0       abba δψψ >=< |  Eq. 1- 3 

The initial state �0 can be described as  

�=
n

nna ψψ 0  
Eq. 1- 4 

where �n is a possible eigenstate and |an|2 is the probability of finding the system in the 

nth eigenstate.  Since �n forms a complete basis set, the system can also be described as a 

sum of eigenstates when the time dependent perturbation is introduced. 

� −=
n

n
tiE

nk
netCt ψψ �/)()(  

Eq. 1- 5 

where the index nk refers to transitions from the nth state to kth state under perturbation.  

The probability of this transition is |Cnk|2.  The transition rate is given by 

2|)(| tC
dt
d

w nknk =  Eq. 1- 6 

Substituting equation Eq. 1- 5 in to Eq. 1- 2 and using the condition in Eq. 1- 3, we can 

obtain: 

� −−><=
n

tEEi
nknk

kk nketCtH
dt

tdC
i �
�

/)(
'

' ')(|)('|
)( ψψ  Eq. 1- 7 

Eq. 1- 7 is not easy to solve, and perturbation theory is used to obtain an approximate 

solution in which H’ is considered much smaller than H0.  The order (p+1) 

approximation is found from the order (p) solution by: 
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� −−
+

><≈
n

tEEip
nknk

p
kk nketCtH
dt

tdC
i �
�

/)'()(
'

)1(
' )(|)('|

)( ψψ  Eq. 1- 8 

The 0th order approximation is 0
)()0(

' =
dt

tdC
i kk
� .  If H’ is fixed and does not change during 

the transition process.  Eq. 1- 8 takes the form: 

)
/)(

)2/)(sin(
('2)(

'

'2/)(
''

'

�

�
�

�

kk

kktEEi
kkkk EE

tEE
eHtCi kk

−−
−−

= −−  Eq. 1- 9 

From Eq. 1- 9 and Eq. 1- 6, in the time limit t�� the transition rate is: 

)(|'|2)'( 2
''' kHdEwkw kkkkk ρπρ

�
== �  Eq. 1- 10 

where )(kρ  is the density of states near Ek.  Thus, |H’kk| is a measure of coupling 

strength between the k and k’ states. 

 

2.1.3. The Marcus Theory 

Attempts to understand electron transfer theoretically began over a half century 

ago.[1, 87]  The first theory that systematically interpreted electron transfer in molecular 

systems was the Marcus theory, initially developed by R.A. Marcus,[87] and further 

extended by N.S. Hush.[88]  Marcus received the Nobel Prize for chemistry in 1992 for 

his contribution to electron transfer theory.  The Marcus theory describes the electron 

transfer rate between a donor (D) and an acceptor (A) when D and A are close to each 

other:[86] 

−+→ ADDA            ][DAket=ν  Eq. 1- 11 

The electron transfer rate, ket, is determined by 1) the distance between D and A; 

2) the reaction Gibbs energy �rG; 3) the reorganization energy, which is the energy cost 

incurred by the rearrangement of the D, A, and solvent molecules, since the D, A 

molecule always have solvation shells in solution.  
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Figure 1- 4: The Marcus description of charge transfer. The Gibbs energy 

surfaces of an electron transfer process in a DA complex (blue line), and the charge 

separated D+A- (brown line) state.  The transition from DA to D+A- occurs at the 

coordinate qt where the energy surfaces of the two species cross.  This transition can only 

happen when DA is activated by �+G.  

 

As shown in Figure 1- 4 � the charge transfer process involves the reorganization 

energy �, and the reaction Gibbs energy �rG.  As described by Fermi’s golden rule, the 

transition happens when the initial and final states have the same energy in the absence of 

an external light field.  For the DA system, as shown in Figure 1- 4, the transition only 

occurs at a coordinate qt (t means transition), where the energy surfaces of DA and D+A- 

cross.  An activation energy 

λ
λ

4
)( 2+∆

=∆+ G
G r   Eq. 1- 12 
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is required to trigger the transition.  Usually, the activation energy comes from thermal 

fluctuations, which change the nuclear coordinate from qR (reactant) to qt and in turn 

trigger the electron transfer.  The electron transfer rate is  

2
1/ 2

( ) / 422 1| |
4

r BG k T
et DA

B

k H e
k T

λ πλπ
πλ

− ∆ +� �
= � �

� ��
 Eq. 1- 13 

where |HAD|2 is the coupling between donor and acceptor, which depends exponentially 

on the distance (RDA) between D and A:  

)exp( DADA RH β−∝    ���� )exp( DAet Rk β−∝  Eq. 1- 14 

Eq. 1- 13 only holds in the regime of weak coupling between the donor and 

acceptor orbitals.  Moreover, Eq. 1- 13 should not be used at temperatures to low for 

thermal fluctuations to activate the transition.[86] 

 

2.2. Donor-bridge-acceptor System 

The Marcus theory has been extensively used to describe electron transfer in 

solutions.  It has also been applied to systems where the donor and acceptor are 

connected by a molecular bridge to form donor-bridge-acceptor system (DBA), where the 

bridge can be free space, solvent or a rigid molecular linker.  The DBA system is an 

important concept, which connects the experimental verifications and electron transfer 

theories.[89]  Many DBA systems with various length of bridge have been developed for 

years, and the electron transfer is studied by spectroscopic techniques.[89]  R.A. Marcus 

compared the experimental and theoretical results for several DBA systems.[89]  The 

dependence of the electron transfer rate on the length of bridge was investigated, and Eq. 

1- 14 was verified in many molecular systems.  Eq. 1- 14 is a fundamental relation which 

plays a central role in electron transfer research and the search for better molecular wires.  
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The attenuation factor (or decay constant) � is an important quantity for different 

molecular bridges, and it will be discussed over and over again in this thesis. 

The DBA system has been extensively studied by Ratner[29], and his theoretical 

work provides a detailed analysis of electron transfer in molecular systems.  The DBA 

concept was broadened to a wider range of systems, where D and A are not only 

molecular structures, but can also be metal electrodes, nanoparticles, etc.  The mechanism 

of electron transfer mediated by bridges was well explained.  Depending on the nature of 

DBA systems, for example, the length of bridge, the energy level overlap between bridge 

and donor or acceptor, and the property of chemical bonds in the bridge, the electron 

transfer can be dominated by superexchange or a hopping mechanism.[10, 29] 

 

2.2.1. Electron Transfer Mechanisms: Superexchange and Hopping 

For DBA systems in which the bridge is free space, the electron transfer 

mechanism is relatively simple.  There is only one possible mechanism, which is 

quantum mechanical tunneling.  In this case, it is easy to understand that the electron 

transfer rate follows Eq. 1- 14, since quantum mechanical tunneling decays exponentially 

with increasing distance.  When the bridge is a molecular system, the electron transfer is 

mediated by the molecular bridge, and the rate of electron transfer can be increased.  

Depending on the nature the DBA system, electron transfer mechanisms can be very 

different.[10]   

Superexchange. The superexchange mechanism is very similar to quantum 

mechanical tunneling, except that the tunneling is not directly through space, but 

mediated by the energy levels of the bridge.  However, those levels are not intermediate 

states in the charge transfer process, i.e. the electrons do not populate those energy 

levels.[1]  The energy states of bridges are usually much higher than the donor and 

acceptor levels.  A simple model for the superexchange mechanism is to consider 
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electrons in the donor as free particles and treat the energy state of bridge as a tunneling 

barrier.  The tunneling decay constant for the model can be written as:[90] 

�

)(2
2

*
ElectronBarrier EEm −

=β  Eq. 1- 15 

This is an extension of the quantum mechanical picture of electron tunneling to 

the DBA systems with little modification.  m* is not the mass of an electron, but an 

effective mass.  EBarrier is the energy of LUMO (lowest unoccupied molecular orbital) or 

HOMO (highest occupied molecular orbital) of the bridge, depending on which one 

mediates the electron transfer.  Since the LUMO or HOMO is lower than vacuum level, 

the � in DBA systems with a molecular bridge is lower than tunneling through space, 

usually 0.2 to 0.8 Å-1.  Electron tunneling decay through space is associated with  a � ~2 

Å-1, for an energy gap ~5 eV.   

Although in the superexchange mechanism, the intermediate states D+-B--A or D-

B+-A- do not actually exist, it is still important to discuss the energy levels or 

configurations of the two virtual states.  If the D+-B--A configurations mix strongly with 

D-B-A and D+-B-A- configurations, the electron transfer process is considered to be an 

electron transfer mechanism.[1]  If the D-B+-A- configurations mix more strongly, the 

electron transfer process is considered to be a hole transfer mechanism. 

Hopping mechanism. When the bridge in a DBA system becomes longer, the 

probability of superexchange will decreases.  The energy levels of the bridge are 

increasingly involved in the electron transfer process, and electrons populate those levels.  

Electrons (or holes) are injected into the orbitals of the bridge from the donor (or 

acceptor) before being transferred to the other end.  The orbitals of the bridge can be 

delocalized, so that the electrons hop through the whole bridge at once.  In many cases 

the bridge orbitals are localized, especially for long molecules, so that the electron 

transfer is completed by multiple-step hopping through the localized sites.  When this 
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diffusive hopping dominates, the length dependence of electron transfer deviates from the 

tunneling picture, i.e. the electron transfer does not depend exponentially on the bridge 

length.  Instead, it becomes ohmic, and the transfer rate depends linearly on the number 

of hopping sites, which is usually proportional to the length of the bridge.  The hopping 

mechanism is important in many biological systems, especially for electron transfer 

through DNA chains, which are generally much longer than other molecular bridges.[91-

94] 

 

2.2.2. Metal-Molecule-metal Systems (m-M-m) 

The metal-molecule-metal system is a special kind of DBA system, where both 

the donor and the acceptor are metals.  The key difference between metal and molecular 

units is that the metal can be treated as an electron reservoir, and removing or adding 

electrons does not change the property of the metal electrodes.  If the metal electrodes on 

both ends are identical, there is no distinction between donor and accepter in the m-M-m 

system.  The electron transfer direction is determined by a voltage bias applied between 

the two metal electrodes.   

The experimental realization of the m-M-m system was a crucial step toward 

molecular electronics.  It became possible to measure electronic properties of molecular 

devices, for example, conductivity.  The experimental progress in molecular devices, for 

example molecular wires, molecular switch, etc. relies, in large part, on the experimental 

studies of m-M-m systems experimentally.  It was not until the late 1980s when it became 

possible to manipulate molecular systems at the nanoscale, particularly with the help of 

STM, that the conductivity of single molecules was experimentally measured.[27]  

Studies of m-M-m systems mainly focuses on a accessible property, the conductivity, 

instead of the electron transfer rate.  Similar to Eq. 1- 14, a simple model for the 

dependence of conductivity on the length of molecular wire is given by R=R0exp(βL), 



 

16 

where R0 is the contact resistance, β is the decay constant, and L is the length of 

molecule.[10, 11, 90] 

 

2.3. The Landauer Formula 

2.3.1. The Landauer Interpretation of Nanoscale Electron Transfer 

Electron transfer in molecular electronics is a nanoscale process.  Therefore, only 

nanoscale charge transfer theories can be applied.  The Landauer formula has been 

proved to be central to the understanding of electron transfer in nanoscale systems.  It is 

the standard model for the interpretation of ballistic transport in one-dimensional wires 

(Figure 1- 5), especially for the m-M-m system. 

 

 

Figure 1- 5: Scheme of a one dimensional wire of length L connected by two 

metal electrodes, described  by their own chemical potentials, µ. 

 

The Landauer formula treats electron transfer in nanoscale systems as quantum 

mechanical tunneling with a transmission coefficient T.  For example, the conductance, 

G,  of the m-M-m system shown in Figure 1- 5 under a small voltage bias is given by: 

 

MT
h
e

G
22=  Eq. 1- 16 

where M is the number of electron transfer channels, which can only be an integral 

number; T is the transmission coefficient, or efficiency, ranging from 0 to 100%. In an 
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ideal situation, when there is no dissipation during the electron transfer process, T = 

100%, i.e. there is no scattering during the ET process.  The conductance is (when M=1):  

0

2

15.772
GS

h
e

G === µ  (corresponding resistance:12.9 k�) Eq. 1- 17 

G0 is the unit of conductance quantum, which we will use throughout this thesis.   

 

2.3.2. The Conductance Quantum: G0 

G0 is not only an important unit, but also a very useful concept that connects 

experiment and theory.  It can be derived by simple quantum mechanical calculation and 

the absolute value of the calculated conductance has been confirmed by many 

experimental results.[81, 95]  Considering an m-M-m system shown in Figure 1- 5 with 

an ideal wire with length L, the Landauer formula treats the electron transfer process as 

electron injection from left electrode (assuming �L >�R), an electron reservoir, followed 

by electrons being transported to the right electrode.  The tunneling current from the left 

electrode to the molecular wire is: 

�
∞

=
0

)()()( dkknEfkveI L  Eq. 1- 18 

where n(k) is the density of states per unit length of the one dimensional wire,  

dkdk
L

L
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12)( == ; v(k) is the electron group velocity, 
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Fermi-Dirac distribution function.  Eq. 1- 18 can reorganized as: 
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The electron tunneling from the wire to the right electrode can be written in the same 

way: 
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The overall current, or the electron transfer, through the 1D nanowire is: 
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 Eq. 1- 21 

Therefore, the conductance of the system is  

0

22
G

h
e

V
I

G ===  Eq. 1- 22 

G0 has been measured experimentally, and the good agreement between the theory and 

experimental results highlights the importance of the Landauer formula in interpreting 

nanoscale electron transfer.[96, 97] 

Ballistic transport. It should be noted that the conductance quantum does not 

depend on the length of the 1D wire.  This length independence suggests an important 

feature of an ideal 1D wire - ballistic electron transport.  In this regime, electrons pass 

through the 1D wire as a wave without scattering or energy loss and the wire simply 

serves as a waveguide, instead of offering resistance like a traditional wire.  This feature 

has been observed by experiments.  For example, the conductance of nanoscale gold 

wires in the STM break-junction experiments (which we will introduce later in this 

chapter) shows a clear length independence when the length of a nanowire is changed by 

mechanical force.[81]   

In real systems when two electrodes are connected by a nanowire, the 

precondition for the observation of quantized conductance is to have the diameter of the 

nanowire small enough, comparable with the Fermi wavelength of the electrons in that 

system.[98, 99]  In such circumstances, the nanowire can be treated as a 1D wire.  For 

example, the Fermi wavelength of gold is about 0.5 nm, comparable to the separation 
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between atoms.  Therefore, a few atom wide gold chain behaves as a 1D wire, and the 

conductance quantum can be easily observed.[81]   

Since the conductance of a 1D wire does not depend on the length, the resistance 

of the wire can be understood as a contact resistance, i.e. the resistance is only introduced 

by the contacts between the wire and each of the electrodes.  It should be pointed out that 

the idea of contact resistance may only be useful for comparing two nanowire systems.  

In quantum mechanical systems, the total resistance of two connected resistors (the 

contacts and the wire here) can not be a simple summation.[11, 100]  In a practical point 

of view, one can never measure the conductance of a wire without connecting it to 

electrodes.  Therefore, the contact resistance and the wire resistance can not be 

considered separately.  However, if two nanowire systems show difference contact 

resistance values, it may imply an intrinsic difference between the two systems. 

 

3. Measurement of Charge Transfer in Molecular Systems 

3.1. Traditional Methods for Charge Transfer Study in Molecular Systems 

In macroscopic systems, the electron flow can be easily measured with an 

ammeter.  However, in molecular systems, it is not easy to wire a nanoscale connect 

between two electrodes to measure the electrical current.  Charge transfer research in 

molecular systems has been performed for decades without modern nanoscale 

manipulation techniques.  Spectroscopic and electrochemical techniques are two of the 

most important techniques used.   

 

3.1.1. Traditional Spectroscopic Techniques for Charge Transfer Study 

A variety of traditional spectroscopic techniques have been used to study charge 

transfer for decades.[1, 16]  Although these techniques measure the average property of 

an ensemble of molecules, they are very useful in identifying molecular structures before 
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and after charge transfer.  One of the most widely used techniques is simply measuring 

the absorption spectrum (UV-Vis or IR) to determine the changes in the properties of the 

molecular species during the electron transfer process.[1, 34, 101-103]  More 

sophisticated experiments involve pump-probe laser techniques, which can provide 

ultrafast time resolution, so called transient absorption spectroscopy.[34, 103] 

Fluorescence quenching is another widely used spectroscopic technique to study 

electron transfer in biological systems.[1, 104-109]  After a chromophore linked to a 

molecular bridge has been excited by absorbing an excitation photon, it can fluoresce 

only if the absorbed energy is not dissipated.  The fluorescence signal is quenched when 

there is electron transfer through the molecular bridge.  Time-dependent fluorescence 

spectroscopy can be used to probe the kinetics of the charge transfer process.  One 

example is a chromophore-linker-quencher system, where the other end of the molecular 

bridge is a unit with low-lying excited states, ready to perform a redox reaction and to 

quench the fluorescence, for example, in ferrocenes,[110-112] and fullerenes,[113, 114] 

etc.[111, 115-118]  

 

3.1.2. Electrochemical Methods for Charge Transfer Study 

Electrochemical methods have long been used to study interfacial charge transfer 

at solid-liquid interfaces, as well as the redox behavior of molecules adsorbed on an 

electrode surface.  Generally, a self-assembled monolayer of the molecule of interest is 

grown on an electrode surface, blocking any direct charge transfer from the solution to 

the electrode.  Therefore, the current observed in electrochemical measurement is due to 

the charge transfer through the molecules.  A redox probe, which is used as a charge 

transfer indicator, can be added to the electrolyte solution [119-121] or attached to other 

end of the molecule in the SAM.[122-125]  An example of the latter is shown in Figure 

1- 6, where a redox active probe, ferrocene (brown part in Figure 1- 6), is attached to 
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peptide nucleic acid (PNA) molecules.  Thiol terminated cysteine groups on the other end 

(blue part in Figure 1- 6) help the PNA molecules form an ordered self-assembled 

monolayer (SAM) as shown in the left side of Figure 1- 6b.  Charge transfer through 

PNA molecules can by studied using electrochemical methods in an electrolyte solution 

by probing the kinetics of the ferrocene redox reaction.  Details of this approach will be 

discussed later in Chapter 3 of this thesis for PNA charge transfer study. 

 

 

Figure 1- 6 : (a) Chemical structure of PNA with a ferrocene group, where n = 3-

7. (b) PNA molecules self-assembled on a gold surface.[126]  

 

The application of electrochemical methods is limited by the requirement of a 

good SAM formation.  As shown on the right side of Figure 1- 6b, if a molecule is lying 

down on the electrode surface, the electron required to oxidize or reduce the ferrocene 

group can transfer directly between ferrocene and electrode surface, without passing 

through the molecular chain.  Therefore the electron transfer through the molecule of 

interest is not probed.  In the work presented in [126], a technique is used to separate the 

response from ferrocene groups that are close to the surface and those are lifted away 

from the surface.  The details will be discussed in Chapter 3. 

Similar to spectroscopic techniques, electrochemical methods also measure an 

averaged signal from an ensemble of molecules, not single molecule signals.  In addition, 

the molecules in a closed packed SAM are adjacent to each other.  Electrons can be 

transferred between molecular chains, instead of directly passing through the molecule.  
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This multiple possibility of electron transfer routes in the electrochemical measurements 

complicates for the interpretation of experimental results. 

 

3.2. Single Molecule Charge Transfer Measurements 

In molecular systems, it is difficult to measure the electronic properties of a single 

molecule.  To measure, one must link the molecule between two nanoscale electrodes and 

record the electrical current.  Several experimental setups can be used to dtudy single 

molecule charge transfer.  The key element is the method to fabricate two nanoscale 

electrodes, or at least one of the electrodes in the nanoscale, in order to limit the number 

of molecules linked between the electrodes. 

 

3.2.1. Cross-wire Method 

Strictly speaking, the cross-wire method (Figure 1- 7a) is not a single molecule 

technique.  However, it comes quite close to the goal of measuring current through a 

small number of molecules using a traditional setup which can be performed in many 

laboratories.  Two thin Au wires (~10 �m in diameter) are placed perpendicular to each 

other, one coated with the molecule of interest, and are slowly brought into contact.  The 

I-V characteristics of the contact are determined by the electronic properties of a limited 

number of molecules.[14, 127-130]  The molecular conductance is estimated by dividing 

the measured conductance by the number of molecules in the junction, which is 

calculated (estimated) to be ~1000 per junction.  Although far from ideal, this has been a 

useful approach for single molecule charge transfer studies. 
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Figure 1- 7 : Techniques for single molecule charge transfer study: a) cross-wire 

method;[127]  b) electromigrated junction;[131] c) mixed SAM/SPM method;[75] d) 

mechanical break-junction method.[79] 
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3.2.2. Electromigrated Junction Method 

The electromigrated junction (Figure 1- 7b) is one of the few techniques that 

utilize true nanoscale electrodes for the m-M-m system.[131-133]  The atomic motion of 

metal under a large electric field, a process called electromigration, is used to break down 

nanowires and to create nanoscale electrodes.[131-133]  Electromigration, which is 

responsible for most failures in microelectronic circuits,[134] is a useful tool for the 

development of molecular electronics.  Briefly, a thin gold nanowire is formed using 

traditional methods, and a nanoscale gap is produced by passing a high density current 

through the nanowire, which causes gold atoms to migrate and leads to the breakdown of 

the wire.  Once the wire breaks, a nanoscale gap is created, and no more current can pass 

through unless the gap is bridged by molecules.  The drawback of this technique is that 

the distance between the two nano electrodes can not be tuned freely, limiting the 

application to measure the conductance of molecules with a variety of lengths. 

 

3.2.3. Mixed SAM/SPM Method 

Atomic force spectroscopy (AFM) usually has poorer spatial resolution than 

STM.  However, in single molecule conductivity measurements, AFM has some 

advantages over STM.  When the AFM is operating in contact mode, an AFM tip can be 

used to generate true contact between the tip and the molecules, while STM usually 

involves a tunneling gap.  With a metal coated conductive tip, AFM can be used to 

measure both mechanical and electrical properties of the molecules of interest.[43]  To 

help AFM access the properties of single molecules, a mixed SAM method (Figure 1- 

7c) is used to generate metal-single molecule-metal systems.[43, 75, 90, 124]  Briefly, a 

mixed self-assembled monolayer (SAM) on gold surface is formed by doping an 

insulating SAM, usually alkanethiols, with the molecular wire, which has metal binding 
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linker groups on both ends.  The low concentration of molecular wire in the SAM results 

in isolated molecule wires surrounded by non-conducting alkanethiol matrix.  A gold 

nanoparticle is attached to the other end of the molecular wire to help create a well 

defined electrical contact with the conductive AFM tip.  The gold substrate, molecular 

wire, gold nanoparticle and conductive AFM tip, together, form an electrical circuit for 

the conductivity measurement of the molecular wire.  It was reported that the I-V curves 

show quantized behavior of the conductance.[75, 90, 124]  This provides strong evidence 

that single molecule conductance is probed using this technique. 

 

3.2.4. Mechanical Break-junction Method 

In the mechanical break-junction method, (Figure 1- 7d) a gold nanowire (a few 

hundred nanometers in width) is constructed on an elastic substrate by lithography. [15, 

79, 135, 136]  Nanoscale electrodes are created by elongating and eventually breaking the 

nanowire when the substrate is bent.  The distance between the two electrodes is 

controlled by the bending of the substrate, which can be very accurate since a piezo-

electric material is used to control the bending.   

The mechanical break-junction was first used to study the tunneling between two 

electrodes.[136]  Reed et al. modified the method by adding molecules to the nano 

junction to measure electronic properties of single molecules.[79]  Molecules of interest 

are added to the junction by dropping a solution containing the molecule to the substrate 

and then rinsing after a few seconds, allowing the molecule to link to the electrodes.  

Conductivity measurements, usually performed in vacuum, reveal the electronic property 

of the molecule.  Evidence for the formation of a nanoscale m-M-m system comes from 

the observation of weak dependence of the current on the gap distance in a certain 

distance range, indicating that the two nano-electrodes are linked by flexible molecules.  

It was shown that the I-V curves are asymmetric when measuring asymmetric molecules, 
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supporting the idea that single (or a few) molecule is present in the junction.[135]  The 

conductance quantum of metal is also measured using this method, providing strong 

evidence of the formation of nanoscale m-M-m system.[137] 

 

3.2.5. STM Break-junction Method 

In contrast to macroscopic measurements, the results of single molecule 

conductivity experiments can be affected by many factors and fluctuate dramatically.  

These factors include the condition of the electrodes, the bond angle between linker and 

electrode, the environment of the molecule wire, etc.  To make a reliable measurement of 

single molecule conductivity, it is important to repeat the measurement a large number of 

times that provides statistical significance.  Note that every single measurement of the 

conductivity involves three steps: 1) the formation of two nanoscale electrodes; 2) linking 

the molecular wire to the two electrodes; 3) measurement of the current flow, which is 

usually in the order of nano-amperes or less.  For all the techniques described above, it is 

not easy to repeat the three steps with a rate that can provide a large number of 

measurements in a reasonable time. 

The STM break-junction method,[81] one of the most widely used techniques for 

measuring single molecule conductivity, is designed to create, repeatedly and rapidly, 

nanoscale m-M-m systems so that thousands of experiments can be conducted in a few 

hours or less.  The STM break-junction method utilizes the accurate distance control and 

the small current measuring capability of an STM instrument.  In this method, a gold tip 

is brought into contact with the surface by an STM scanner and withdrawn at a rate of 

~20 nm/s, while measuring the current in a solution containing the molecular wire.  Two 

nanoscale electrodes are formed during the pulling process (Figure 1- 8a-d), and the 

molecules in solution can enter the gap between the two electrodes (tip-substrate gap), 

generating an m-M-m system (Figure 1- 8e).  The distance the STM tip moves to form 
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and break a contact is usually less than 10 nm.  Therefore, with a tip moving rate of ~20 

nm/s, this process can be repeated thousands of times in an hour, and a current-distance 

curve is recorded each time.  When a molecule bridges the tip-substrate gap (Figure 1- 

8e), the current-distance curve shows step-like features instead of a simple exponential 

decay.  Statistical analysis of the curves showing quantized current peaks yields 

information on the conductance of single molecules.    

 

 

Figure 1- 8: The process of the nano-electrodes and m-M-m system formation in 

STM break-junction experiments.  Two nano electrodes are formed by breaking the 

contact between the Au tip and the substrate (a-d).  With the presence of molecules in the 

solution and on the surface, an m-M-m system may be created (e).  It takes less than a 

second to repeat this process in single molecule conductivity measurements. 

 

Unlike the other methods, the STM break-junction technique focuses on the 

separation of m-M-m system.  When the STM tip is pulled away from the surface, there 

may be many molecules in the junction between tip and surface, including solvent and 

contaminant molecules.  However, only the molecules that strongly bond to the two 
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electrodes can survive the pulling process and stay in the junction for a reasonable 

amount of time for the current measurement.  If there are several molecules bound to the 

electrodes, it is impossible for those connections to be broken at the same time, i.e. one of 

them will last until the end of this process.  Therefore, the separation process ensures the 

formation of metal-single molecule-metal systems.  In addition, the STM break-junction 

method can be performed in solution, where the molecules of interest can be introduced 

conveniently. 

 

3.3. STM-break Junction Method 

The STM break-junction method has been used to study a variety of 

molecules,[83, 138-140] including several 	-conjugated structures[85, 141, 142] which 

are expected to have high conductance and small tunneling decay constants (β) due to 

their delocalized 	 systems.  It has become one the most important techniques for single 

molecule charge transfer studies.   

 

3.3.1. Some Technical Details for STM Break-junction Method 

The STM break-junction method has been used under a variety of conditions, 

including organic and aqueous solutions, air, and vacuum.  In the solution based 

experiments, usually a diluted solution of molecular wire is used in order to reduce the 

possibility of multiple molecules binding to the electrodes at the same time.  For the 

experiments without solution, a low coverage preadsorbed SAM is prepared for the same 

purpose. 

Usually, a gold tip and a gold surface are used to perform STM break-junction 

measurements because of the following reasons.  1) Gold is an inert and noble metal, and 

a clean gold surface can be easily prepared by chemical cleaning followed by flame 

annealing; 2) Many linker groups for molecular wires form strong chemical bonds with 
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gold, especially the most widely used thiol linker group; 3) Gold is relatively soft and can 

easily be stretched to form nano wires for the preparation of nano electrodes. 

The tip withdrawal rate is one of the key parameters to be adjusted in the STM 

break-junction experiments.  It was shown that fast stretching rates result in a longer step 

compared to slow stretching rates, and the breakdown of junction is mainly due to 

mechanical stretching.[143]  At slow stretching speeds, thermal activation is responsible 

for the breakdown, i.e. the breaking of the bond is due to the thermal movement of the 

molecule.[143]  In the STM break-junction measurements, it is important to have current-

distance curves with clear steps, that are as long as possible.  However, the data 

acquisition rate may limit the speed of the experiment.  Generally, 20 – 40 nm/s is a 

practical range of operating stretching rate. 

 

3.3.2. Statistical Analysis 

In contrast to traditional, steady state conductivity measurements, the STM break-

junction method is a dynamic measuring technique.  The result for each measurement is 

not a simple current value for the calculation of conductivity.  Instead, each measurement 

returns a current-distance (IS) curve, in which the y-axis is the measured current and the 

x-axis is the displacement of the STM tip.  A typical IS curve is shown in Figure 1- 9a,  

in which the step like feature represents the period of time that the molecular wire links 

the two electrodes.  In that period, even though the tip is moving away from the surface, 

the current stays constant.  The number of data points in the steps is related to how long 

the molecule stays in the m-M-m system.  Before the formation of m-M-m junction in 

each IS curve, the current drops exponentially due to quantum mechanical tunneling.  

After the junction breaks down, the current continues to flow the exponential decay.  

Since the current value before the formation of m-M-m system and after the breakdown is 

continuously dropping, there will be many more data points, in a given current range, at 
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the current step which is related to the conductance of the molecular wire.  As shown in 

Figure 1- 9c, there are many more data points around 25 nA, associated with the steps in 

IS curve (Figure 1- 9a), than data points in the current range above 40 nA, where the 

current decays exponentially.     

The statistical analysis of thousands of IS curves is performed by binning each 

curve by the y-axis, as show in Figure 1- 9.  Figure 1- 9a shows some IS curve 

examples, some of which have clear steps.  Those IS curves that show clear current steps 

are selected (Figure 1- 9b) for further analysis.  As show in Figure 1- 9c, the data points 

of current measurements are populated at the steps and the histogram analysis with 

proper bin size shows well defined peaks in the histogram plot (Figure 1- 9d) in which 

the current of the second peak is about twice the first.  This suggests that the first current 

peak corresponds to single molecule junctions, while the second peak corresponds to 

pairs of molecules.[81]   

 

 

Figure 1- 9: Statistical analysis process of STM break-junction method. 
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3.3.3. Data Selection 

It should be noted that the data selection is necessary for the clear observation of 

well defined peaks in the histogram analysis in our experiments.  However, one should be 

very careful not to allow the pre-screening process to bias the interpretation of 

experiment results.  A control experiment should be carried out under the same 

conditions as in the molecular conductivity measurements.  It is important to check that 

the control experiment in solutions that do not contain the molecular wires yields no clear 

peaks in the histogram.  This control result indicates that the appearance of clear peaks in 

the histogram analysis is due to the molecule of interest in the solution, not from the data 

selection process.   

Another piece of evidence for the observation of single molecule conductance is 

that the multiple peaks in histogram show quantized behavior.  For example, the second 

peak shown at ~19 nA in Figure 1- 9d is at twice the current of the first (at ~ 9nA).  This 

quantized behavior is due to the binding of one or two molecules in the m-M-m system.  

In some experiments, a third peak at the three times the current of the first is 

observed.[81]   

In most experiments reported to date, data selection was used to remove noisy 

curves and curves without any clear features.[83, 85, 138-142]  Based on our experience, 

analysis without pre-screening usually generates a smooth curve which only shows the 

exponential decay of tunneling current, presenting as the background of the 

measurements.  The current peaks for molecular wires are probably buried under the 

background because the noise signal collected in thousands of curves.  In the histogram 

analysis, every data point in the IS curves is binned, and the background and associated 

noise accumulates if no data selection is performed.  In addition, there are a large number 

of noisy curves that have many more data points than normal exponential decay curves, 
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in which the current drops so fast that very few data points are collected.  Inclusion of the 

noisy curves makes it more difficulty to observe single molecule features. 

Current peaks in a histogram can be observed without data selection by careful 

design of the instrument with low noise levels and by acquiring current over a broad 

current range.[138, 144]  However, the current peaks shown in [138, 144] may be a 

collection of all possible conformations of one, two or multiple molecular connections 

and the broad peaks near 0.04 G0 may not represent the actual conductance of a single 

molecule(red line in Figure 1- 10b for benzendithiol).  Nevertheless, the position of the 

peak can be used to compare the conductance of different molecular systems.  In 

addition, the width of the peaks observed in [138, 144] contains very useful information 

about the stability of the molecule-electrode contact.  This information may be lost during 

the data selection process.  Since the current peaks shown in [138, 144] span a wide 

current range, it is important to have a state-of-the-art experiment setup with several 

current preamplifers to measure current values over a wide range from pico-amperes to 

micro-amperes.  For the experiments performed using a single current preamplifier, with 

an intrinsically limited current range, data selection process for histogram analysis is 

necessary. 

The high background signal in the histogram analysis without data selection 

originates from three major factors.  The first is instrumental noise in the current 

measurements, which, in principle, does not contribute significantly to the overall 

background because the noise is usually a few picoamperes or less using a 10 nA/V 

current amplifier.  The second is that there are many noisy IS curves due to the instability 

of the m-M-m system, which is related to a number of factors, including tip condition, 

surface condition, pulling speed, solvent, etc.  The third, and probably the most important 

factor, is that most of the IS curves (65-95%, various by research groups and 

experimental conditions) show only exponential decay without any current step features.  
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This is an intrinsic characteristic of STM break-junction method because a low coverage 

of the molecules on the substrate surface is needed to have only one or a few molecules 

trapped in the tip-substrate gap for each IS curve. 

 

 

Figure 1- 10: Histrogram analysis of over 3000 IS curves for each molecule: 1,4-

benzenediamine (blue), 1,4-benzenedithiol (red), and 1,4-benzenediisonitrile (green).  (a) 

shows the example IS curves. (b) is semi-log plot histogram analysis.[144] 

 

 

3.3.4. Measurement of Conductance Quantum G0 

One of the key control experiments for the STM break-junction method is the 

observation of conductance quantum G0, which can only be observed for a very thin 

metal nanowire.  In the case of gold electrodes, the measurement of 1 G0 indicates the 

formation of a one gold atom wide nanowire, which ensures that two nanosized 

electrodes form when the nanowire breaks.  The observation of clear conductance 

quantum peaks in the histogram analysis is a precondition for further single molecule 

measurements.  For the IS curves of single molecule measurements, data selection is 



 

34 

needed due to the small percentage of IS curves that show clear current steps.  For the IS 

curves in gold conductance quantum measurements, usually over 90% of the IS curves 

show clear steps with proper experimental conditions.  Therefore, data selection is not 

necessary for the measurement of gold quantized conductance.   

The quality of the gold tip is the key controlling factor for the generation of good 

IS curves with well defined gold quantized conductance steps for the measurement of G0, 

and for the measurement of single molecule conductivity as well.  The nanoscale 

sharpness of an STM tip can be judged by the quality of STM images in situ.  In the gold 

tip-gold substrate (Au(111)) system, the observation of clear, ~2.5 Å high, gold atomic 

steps can be used to evaluate the quality of gold STM tip.  

As shown in Figure 1- 11a, most the IS curves from successive measurements 

show clear gold quantized conductance steps using a good STM tip, which gives clear 

gold atomic steps in STM images.  It should be pointed out that, for those good IS curves, 

the current saturates the amplifier with a moderate “crash” (usually 3 to 4 nm), indicating 

a well established tip-substrate connection.  Here, “crash” means that the STM tip 

establishes an ohmic connection with the substrate, and we arbitrarily select a threshold 

current of 4 G0.  The quantitative measure of the level of “crash” is the distance required 

to move the STM tip from it original position (usually in the tunneling regime, 0.5 to a 

few nm above the surface) towards the surface until the current amplifier saturates.  The 

response saturates because of the high conductance of the metal-metal contact and a 1 

�A/V current preamplifier, which saturates at 10 �A, is used to measure the gold 

conductance quantum, which is in the order of �A with a small bias (e.g. 50 mV).   

A low quality STM tip which shows no clear feature in STM imaging mode 

generates many noisy IS curves which have no clear step (Figure 1- 11b).  In addition, 

those noisy curves do not saturate the current preamplifier even with a “crash” distance 

over 9 nm.  In some cases, a low quality STM tip may initially generate normal IS curves 
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with well defined steps, but quickly lose its ability to perform after a few hundred curves, 

while a high quality tip can last a few thousand.     

 

 

Figure 1- 11: a) IS curves using an STM tip showing clear gold atomic steps in 

STM images.  These curves are from successive measurements without selection.  b) IS 

curves using a low quality STM tip. 

 

It should be noted that gold quantized conductance steps can only be seen in the 

IS curves with saturated current, i.e. the nano electrodes only form after well established 

tip-substrate connection (Figure 1- 11).  In addition, the current value usually drops from 

saturation to close to zero within a few nanometers.  This provides important 

experimental guidance for the experiment since the quality of tip continuously degrades 

during the experiment.  When the tip degrades, more contact is needed to maintain the 

tip-substrate connection.  Therefore, the “crash” distance should be frequently adjusted 

during an experiment, and when the distance adjustment fails to work, a new tip is 

needed to continue the measurement. 
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CHAPTER 2 

OPTIMIZING SINGLE MOLECULE CONDUCTIVITY WITH CONJUGATED 

CARBODITHIOATE LINKERS  

1. Introduction 

Schematically, the metal-molecule-metal (m-M-m) junction can be divided into 

three parts: the molecular core and two metal-molecule contacts on either side (Figure 2- 

1).[145]  Similar to the macroscopic view of electrical contact by alligator clips, the 

quality of the contacts has a large influence on the overall performance of the electrical 

linkage.  However, as discussed previously, on the molecular level the overall resistance 

is not a simple summation of the contributions of the contacts and the molecular core.  

Charge transport through the molecular wire may be governed by the electronic 

interaction between the molecule and the electrodes.  The magnitude of this interfacial 

electronic coupling, combined with properties of the molecular core, determine the 

performance of a molecular wire.[16, 22, 41] 

A challenge presented by single molecule conductance is to distinguish between 

the relative influence of the molecular “core” and the molecular “interconnects” on the 

observed currents.  Much focus has been placed on designing conductive, conjugated 

molecules.  However, the electrode-molecule contacts can dominate the responses of 

metal-molecule-metal devices.  The charge transport through molecular wires in metal-

molecule-metal (m-M-m) junctions has been investigated by measuring conductance (or 

resistance) as a function of length.[10, 17, 40, 41, 74, 82, 84, 85, 141, 146, 147]  In the 

tunneling regime where the behavior of molecular junctions normally belongs,[10, 41, 

82] a junction resistance R displays an exponential dependence upon molecular length 
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with, R = R0exp(βL), where R0 is an effective contact resistance, L is the molecular 

length, and β is a decay constant.   

 

 

Figure 2- 1: Schematic of a metal-molecule-metal junction. (Cartoon by Dr. 

Yufan He) 

 

 

1.1. Molecular Anchor Groups to Metal Electrodes 

Besides a variety of π-conjugated molecular cores studied, the high affinity to 

gold surfaces and synthetic flexibility of thiolated compounds has led to their wide use as 

contact linkers to interconnect the molecular cores and the electrodes of the m-M-m 

junctions.[41]  However, a gold-thiol contact appears to result in weak interfacial orbital 

interactions between the molecular frontier orbitals and the gold electronic states.[39, 41, 

148]  In addition, the relatively poor thermal stability of thiol-gold linkage may limit its 

usage in molecular electronics.  Hence, the quest for better contacts has become one of 

main area of research in molecular electronics.  Several studies with different linkers and 

metal electrodes in the m-M-m junctions other than a thiol-gold contact have been 
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studied.[17, 39, 81, 127, 138, 146, 149-156]  It was reported that there is less variability 

in the conductance values of molecules with amine linker groups than those with thiol 

linker groups.[138]  However, the conductance value of amine terminated molecules is 

smaller than the conductance of thiol terminated ones, indicating a less effective 

electrical connection between amine linkers and electrodes, possibly a result of the 

weaker binding.[17, 138]   

 

1.2. Carbodithioate Linker Group 

Recently, we showed that carbodithioate linkers increase single molecule 

conductance through a biphenyl moiety by a factor of 1.4 relative to that provided by 

thiol.[124]  Despite the potential of the carbodithioate linkers, no further conductance 

measurements with carbodithioate-functionalized molecules have been reported since 

then [124]; not only do the strong basic conditions, necessary to introduce the 

carbodithioate moieties, restrict the synthesis of a variety of carbodithioate-terminated π-

conjugated molecules but also the characteristic instability and the arduous isolation 

procedure of carbodithioic acid compounds or their salt forms may limit their broad 

application.[157-159]  

Highly π-conjugated oligo(phenyleneethynylene)s (OPEs) have been an 

archetypal structure in the field of molecular electronics.[38, 47, 49, 83, 160-163]  Most 

OPE-based molecular wires have featured thiol functional groups as linkers and have 

been assembled to m-M-m junctions, usually by unmasking an acetyl protecting group 

that enables the construction of π-conjugated oligomers via cross-coupling reactions and 

prevents free thiols from oxidation to disulfides.  Like the acetyl protection for thiol 

compounds, it has been shown that with (trimethylsilyl)ethyl (TMSE) protecting group it 

is possible to build carbodithioate-terminated OPEs via Sonogashira cross-coupling 

reactions, and to functionalize gold nanoparticle surfaces by deprotecting the TMSE 
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group without isolating intractable carbodithioates.[158]  Thus, it is possible and 

interesting to compare the conductance of m-M-m junctions based upon a classic OPE 

molecular wire motif that features thiol- and carbodithioate-termini. 

We measured the conductance of thiol and carbodithioate-terminated OPEs using 

the STM break-junction method, and investigated the length dependence of the molecular 

conductance with two different linkers.  Our collaborators performed non-equilibrium 

Green’s function simulations to evaluate the effect of the linker groups on the charge 

transport in the OPE molecular systems.  Experimental results show that the 

carbodithioate linkers not only increase the molecular conductance compared to their 

thiol counterparts but also provide a quasi-linear length dependence of conductivity for 

the OPE molecular wires, a feature that was not evident in measurement with the thiol 

linkers.  The simulations identify the contributions of individual orbitals to the 

conductivity, revealing that the carbodithioate linkers facilitate the electronic coupling 

between the OPE molecular orbitals and the electrodes as well as reduce the contact 

resistance with respect to the thiol linkers.  Our results highlight the importance of linker 

groups to the overall performance of molecular wires. 

 

2. Experimental Section 

This work is in collaboration with the synthetic group of Professor Michael J. 

Therien and theoretical group of Professor David N. Beratan at Duke University.  Dr. 

Tae-Hong Park in the Therien group synthesized most of the OPE molecules used in this 

study.  Dr. Ravindra Venkatramani and Dr. Shahar Keinan in the Beratan group 

performed the computational study, which provides deep insight into the mechanisms that 

contribute to the conductance improvement of OPE molecules with carbodithioate 

linkers.  
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2.1. Materials 

Two series of OPE molecules were studied in this work (Figure 2- 2), 

carbodithioate-terminated (CT) systems (CTS) and dithiol-terminated (DT) systems 

(DTS).  For convenience, the thiol terminated molecules are denoted by T1, T2 and T3, 

where the numbers refer to the number of phenyl rings in the molecules. Similarly, the 

carbodithioate terminated molecules are denoted by C1, C2, and C3. 

 

 

Figure 2- 2: Structure of α,ω-dithiol-terminated (T1, T2 and T3) and α,ω-bis-

carbodithioate-terminated  π-conjugated molecules (C1, C2 and C3). 

 

1,4-Benznedithiol (T1) was purchased from Alfa Aesar and used as received.  The 

rest of the molecules were synthesized by Tae-Hong Park in the Therien research group 

at Duke.  The acetyl-protected versions of dithiol T2 and T3[38, 164] and the TMSE 

esters of C2 and C3[158] were synthesized according to literature procedures.  The 

synthesis and characterization of 2-(Trimetylsilyl)ethyl ester of C1 were performed using 

the procedure described in the APPENDICES. 

 

2.2. Self-assembled Monolayer (SAM) Preparation 
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A gold bead was prepared using Clavilier’s method[165] and cleaned by piranha 

solution (H2SO4:H2O2 = 3:1) (Caution! The piranha solution is a very strong 

oxidizing agent and extremely dangerous) and hydrogen flame annealed in air.  After 

cooling, the gold bead was immersed in a THF solution containing 100 µM of the target 

molecule (Figure 2- 2) for 15-30 minutes to prepare a self-assembled monolayer (SAM).  

The adsorbate solutions were prepared by deprotection of the precursor molecules and 

used immediately (The deprotection procedure is described in the APPENDICES).  The 

sample was rinsed by THF and dried under a nitrogen stream, then put into the liquid cell 

of a PicoPlus SPM (Molecular Imaging, Tempe, AZ) system and covered with toluene.   

 

2.3. Conductivity measurements 

A freshly cut gold tip (0.25 mm, 99.999%, Alfa Aesar, MA) was used to image a 

SAM covered gold bead surface immersed in toluene, and the quality of the tip was 

judged by its ability to resolve gold atomic steps in STM images.  Then the tip was 

brought into contact with the surface and withdrawn at a rate of ~20 nm/s, while 

measuring the current.  This process was repeated thousands of times, and a current-

distance curve was recorded each time.  When a molecule bridges the tip-substrate gap, 

the current shows step-like features instead of a simple exponential decay.  Statistical 

analysis of the curves that showing quantized conductance peaks reflects the conductance 

of single molecules. 

A control experiment is to repeat the conductivity measurement of a well known 

molecule as a standard or calibration.  For the single molecule conductance 

measurements, alkanedithiols can server as the standard sample as they have been studied 

extensively by a number of research groups.[12, 77, 81, 90, 144, 166, 167]  Figure 2- 3 

shows the control experiment in which the conductance of hexaneditiol was measured.  

Figure 2- 3a shows some typical IS curves with clear step features.  A histogram analysis 
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performed using the procedure described in the previous chapter is shown in Figure 2- 

3b.  Linear fitting of the measurements at multiple bias yields the conductance of the 

hexanedithiol molecule. 

 

 

Figure 2- 3: STM break-junction measurement for hexanedithiol in toluene. a) 

Typical IS curves with clear step features.  b) Histogram analysis of selected IS curves 

show clear peaks.  c) Linear plot of measurements done at different bias voltages. 

 

3. Experimental Results and Discussion 

The single-molecule conductance of π-conjugated organic molecules with thiol or 

carbodithioate linkers (Figure 2- 2) was measured via the STM break-junction 

method[81] (Figure 2- 4a).  Typical current-distance curves, showing clear conductance 

steps, are shown for C3 in Figure 2- 4b.  The histogram analysis (Figure 2- 4c) shows 
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well defined peaks in which the current of the second peak is about twice the first.  This 

suggests that the first current peak corresponds to single molecule junctions, while the 

second peak corresponds to pairs of molecules.[81]  Linear fitting of the current peaks 

acquired at multiple biases reveals the C3 conductance to be 2.5 (± 0.3) x 10-3 G0.   

 

 

Figure 2- 4:  a) Scheme for single molecule (C3) conductance measurements; b) 

Example of current-distance curves recorded with C3 in the junction at 50 mV bias; c) 

Histogram analysis of C3 conductance constructed from ~150 IS curves; d) Conductance 

of C3 is determined by fitting the measurements at different bias. 

 

Following the same procedure, the conductance of all the OPE molecules shown 

in Figure 2- 2 were measured.  Another example of measurement is shown in Figure 2- 

5 for T1, benzenedithiol.  There are three clear current peaks in the histogram analysis, 
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suggesting that the first peak represents the conductance of single benzenedithiol 

molecules.  The measured conductance of T1 is 8.3 (± 0.7) x10-3 G0.  It should be pointed 

out that the conductance of T1 measured in our lab is similar to the reported value in 

literature, which is 1.1 x10-2 G0.[168]  The good agreement between independent 

measurements in different labs confirms the reproducibility of the STM break-junction 

method for single molecule conductivity. 

 

 

Figure 2- 5:  a) Example of IS curves recorded with T1 in the junction at 50 mV 

bias; b) Histogram analysis of T1 conductance constructed from ~270 IS curves. 

 

Table 2- 1:  Conductance Measurements of T1-T3 and C1-C3 

 Conductance /G0 Conductance /nS Resistance /MΩΩΩΩ 

T1 8.3 (± 0.7) x10-3 639 ± 54 1.6 ± 0.13 

T2 2.6 (± 0.4) x10-4 20 ± 3 50 ±7.6 

T3 1.3 (± 0.3) x10-4 10 ± 2 100 ± 25 

C1 4.8 (± 0.5) x10-3 367 ± 39 2.7 ± 0.3 

C2 3.2 (± 1.1) x10-3 246 ± 54 4.1 ± 0.9 

C3 2.5 (± 0.3) x10-3 193 ± 23 5.2 ± 0.6 

G0 = 2e2/h = 77 µS = 13 kΩ. 
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The conductivities of all the DT and CT molecules (Figure 2- 2) were measured 

and the results are summarized in Table 2- 1.  It appears that, except for benzene-based 

C1 and T1, the carbodithioate linker enhances the conductance of OPE molecules by an 

order of magnitude relative to the corresponding phenyleneethynylenes with thiol 

connectors. 

Before discussing the difference between the linkers, it is important to understand 

why the benzene-based C1 and T1 display similar conductance while the other OPE 

molecules behave quite differently, depending on the kind of linkers.  The computational 

results reported in reference [74] suggest a significant deviation of the conductance of 

benzenedithiol from what would be expected based on longer OPE dithiols.  The large 

conductance of benzenedithiol is attributed to the significant delocalization of the 

terminal sulfur p-orbitals over the carbons in the benzene ring induced by the coupling to 

the gold contacts at either end, affecting the conductance of benzenedithiol more than 

other molecules because of its short molecular length.[74]  Our collaborators have 

theoretically calculated the conductivity of the dithiol systems used in the current study 

by assuming a weak sulfur-electrode coupling at contacts and found that the calculated 

conductivity of benzenedithiol follows the decay trend of dithiol-terminated systems with 

increasing chain length (vide infra).  However, even in this study, which does not 

explicitly model the gold contacts, in contrast to reference [74], the computation suggests 

that the weak coupling of the sulfur atoms to the gold electrodes can give rise to a 

conducting channel, despite the characteristic localization of terminal sulfur orbitals.  The 

contact-induced coupling between the terminal sulfur orbitals is predicted to be maximal 

for the molecule with the smallest sulfur-sulfur separation and to diminish as the 

molecular length increases.  It should be noted that reference [74], by explicitly modeling 

the contacts, captured this effect quantitatively, which is missed in our theoretical 

calculations.  Our experimental results indicate that the conductance of benzenedithiol 
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(T1) does not follow the decay trend of T2 and T3 (Figure 2- 6).  Therefore, it is 

reasonable to exclude benzenedithiol from the decay analysis of OPE dithiols. 

Comparing the conductance between C2-C3 and T2-T3 (Table 2- 1), it is clear 

that the carbodithioate linker improves the conductance of OPE molecules by over an 

order of magnitude.  This highlights the importance of optimizing the molecule-electrode 

junction to enhance molecular conductivity and to access the intrinsic conductivity of the 

core, rather than a value reflecting the resistive bottleneck that the linkers appear to 

represent.  The order of magnitude improvement in the conductivity of OPEs observed by 

changing to the carbodithioate linker is significantly greater than the 1.4-fold 

conductance enhancement in the biphenyl junctions.[124]  Since the biphenyldithiol is 

shorter than T2 in this study, we think that its relatively short molecular length may play 

a role in the observed small carbodithioate conductivity improvement reported in ref 

[124] as discussed above for T1.  Nevertheless, our result is in qualitative agreement with 

previous reports that carbodithioate linker improves the charge transport through 

molecular wires.[39, 124]  It also confirms that there are significant complicating issues 

for short molecules.   

A widely accepted picture of electron transport though molecular wires is that it 

occurs by quantum mechanical tunneling from the Fermi level (EF) of one electrode, 

through the LUMO (lowest unoccupied molecular orbital) or the HOMO (highest 

occupied molecular orbital) of the molecule, to the Fermi level of the other electrode.[90] 

The tunneling decay constant is given by � = 2(2m*
0/�2)1/2, where m* is the effective 

mass of the electron, and 
0 is the tunneling barrier, with 
0 = ELUMO – EF for tunneling 

through the LUMO and 
0 = EF – EHOMO for tunneling through the HOMO.  An ideal 

linker will shift the LUMO or/and HOMO level(s) closer to the metal EF, lowering the 

tunneling barrier and therefore �.  In addition, optimal linkers also decrease the contact 
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resistance, so that the conductivity of the intrinsic molecular core dominates the metal-

molecule-metal (m-M-m) junction response.   

 

 

Figure 2- 6: Natural logarithmic plot of the resistance of dithiols (T1-T3, red 

circles) and carbodithioates (C1-C3, black diamonds) versus molecular length.  The β 

values are calculated by fitting the semi-logarithmic plot of resistance and molecule 

length to R = R0exp(βL).  The dashed blue line is for DTS, and the black line is for T2 

and T3 only.  The green line is the β fitting for CTS. 

 

The � value determined from the length dependence of T1-T3 resistances is 0.32 

± 0.10 Å-1 (blue dashed line, Figure 2- 6).  As the data, however, deviate significantly 

from the fitting line, because of the atypical behavior of T1 discussed above, the T2 and 

T3 data excluding the T1 resistance suggest � = 0.11 ± 0.06 Å-1 (black line, Figure 2- 6) 

which is much lower than the theoretical estimate of 0.27 Å-1 for dithiol OPE wires,[74] 

and rather close to tunneling decay constants determined for other α,ω-dithiol-terminated 

π-conjugated molecules using the STM break junction methods.[83, 85, 141]  Despite a 

pronounced difference in experimental system configurations and charge injection to the 

bridge between a photoinduced intramolecular electron/energy transfer and a direct 
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charge transport along the single molecule, these processes involve electron exchange 

interactions which generally depend on distance exponentially.[169]  It is, thus, 

interesting to find that the OPE display a wide range of attenuation factors (0.10 ≤ β ≤ 

0.47) for the triplet-energy transfer process with variation of the donor-bridge energy gap 

in donor-bridge (OPE)-acceptor (D-B-A) systems, implying that β is not a bridge 

parameter but a system-specific parameter.[169]  It is also known that the geometric 

modifications at the contact and the stretching of the molecule in the STM break-junction 

methods[39] could alter the alignment of the Fermi level and HOMO/LUMO levels,[42, 

170] and the extent of π-conjugation of the probed molecule,[83, 85] probably causing 

the discrepancy between theoretical and experimental values.[11]  

It is surprising, on the other hand, that carbodithioate-terminated C1-C3 show an 

even lower β of 0.05 ± 0.01 Å-1 (green line, Figure 2- 6) than their dithiol analogs and 

other dithiol π-conjugated oligomers do. [83, 85, 141]  Although there are a few reports 

of conjugated organic bridges displaying β ≤ 0.1 from photoinduced electron transfer 

measurements,[34, 171-173] values of β as low as 0.05 Å-1 from single molecule 

conductance measurements have been realized only with dithiol-terminated butadiyne-

bridged porphyrin oligomers (β = 0.04 ± 0.006 Å-1).[84]  It is noted that these very 

conductive bridges have significantly lower HOMO-LUMO gaps by extension of π-

conjugation, reducing the gap between the donor and the bridge states in the donor-

bridge-acceptor systems or between the electrode Fermi level and the bridge states in m-

M-m junctions.  As argued in reference [84], the electronic coupling between the contacts 

and the porphyrin oligomer, however, is crucial to obtain the ultralow attenuation in the 

porphyrin junction, because energetically the porphyrin bridge is off resonance in the low 

bias voltage window examined.  We found that the HOMO-LUMO gaps for the CTS are 

lower than that of the DTS with the same molecular unit from the DFT calculations (vide 

infra) and from the lowest π-π transitions in electronic absorption spectra,[158] but these 
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gaps for the CTS are much larger than those of the butadiyne-bridged porphyrin 

oligomers.  In order for the CTS to exhibit β as low as the porphyrin oligomers in the m-

M-m junctions, therefore, the carbodithioate-mediated electronic coupling between the 

contacts and the bridge states should exceed that of thiol-mediated coupling in the 

porphyrin and OPE junctions.  We also envisage that the π-conjugated two sulfur atoms 

of the carbodithioate group would modify the contact considerably compared to the thiol 

function, probably altering the alignment between the Fermi level and the HOMO/LUMO 

of the OPE in a different way with linkers.  It has been reported that the end group effect 

on the alignment of molecular states and the Fermi level can explain the different decay 

constants for the thiol and pyridine-terminated carotenoid molecular junctions.[42]  In 

addition, the evaluated contact resistance, R0 for the CTS (C1-C3, 1.94 MΩ) is much 

smaller than that for DTS (T2 and T3, 12.02 MΩ), providing further evidence of 

improved electronic coupling at the contacts enhancing the conductivity of the CTS 

relative to the corresponding DTS.  These results show the critical importance of the 

nature of the molecule-to-metal contact upon the bridge electronic structure, and suggest 

that the OPE core is more conductive than previously thought.  A β value of 0.05 Å-1 

translates to an effective barrier height < kBT for the carbodithioate-terminated OPEs, 

indicating that tunneling transport likely competes with thermally activated carrier 

injection processes.[40, 84]  Recent studies indicate that conformational fluctuations can 

bias individual members of an ensemble toward one mechanism or another.[92, 174-176] 

 

4. Theory Simulations and Discussion 

4.1. Introduction 

Over the past decade, non-equilibrium Green’s function (NEGF) has become the 

method of choice in theoretical molecular electronics studies.[74, 177-182] The NEGF 

formalism[177] combined with ab initio DFT (Density functional theory) electronic 
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structure calculations calculate coherent transport properties for modeled m-M-m 

systems.[178, 179]  The DFT-NEGF approach is parameter free, although the neglect of 

several physical features can impose serious limitations, most of which are related to the 

approximate nature of the exchange correlational functional (XCF) used.[183-188]  Li 

and Kosov[189] studied the enhancement of molecular conductance of a biphenyl 

molecular core when carbodithioate functional groups are used in place of thiols to attach 

the molecule to Au electrodes.  They used the DFT-NEGF approach in the strong 

molecule-electrode coupling limit.  However, it is not obvious or well established that the 

gold-thiol linker coupling is strong.   In fact, it has been proposed that the nature of the 

thiol-Au interactions are structural rather than chemical, i.e. there is negligible charge 

transfer, and that interactions with the electrodes are unlikely to significantly modify the 

energy and electron occupation of sulfur 3p orbitals,[150] which was also noted by Li 

and Kosov.[148]  While we cannot completely discount the possibility of strong 

electrode-molecule couplings in these systems, in light of the above evidence, it is 

reasonable to explore the conductivity for the OPE systems in the weak electrode-

molecule coupling regime.[190]  In this limit, the influence of the electrode is only to 

broaden the molecular eigenstates and since the broadening is sufficiently small, the 

eigenstates do not lose their symmetry or qualitative charge distribution characteristics.  

As described below, our model parameterizes the Fermi energy and the electrode-

molecule coupling strength so that we can analyze the dependence of absolute and 

relative conductances, contact resistance, and distance dependent conductance decay on 

these modeling parameters.  Moreover in the weak coupling limit, the conductances can 

be analyzed in terms of the isolated molecule properties, leading to physical insights into 

the influence of the linker on molecular conductivity.  These insights into the molecular 

contribution for conductances are independent of the type of electrode and are 
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transferable to other m-M-m systems where the electrode is made of metals other than 

gold or is even semiconducting, provided that the weak-coupling limit holds.   

 

4.2. Methods 

In order to assess the differences in resistances (conductances) for the thiol- and 

carbodithioate-terminated OPE structures, our collabrators performed electrical transport 

calculations using the non-equilibrium Green’s function (NEGF) method[177] on DFT 

optimized structures.  As opposed to the conventional DFT-NEGF method, which 

includes parts of the electrode in the DFT calculation, here the work is done in the weak 

coupling limit, using DFT to calculate the geometry of the isolated molecule (core plus 

linker) and using molecular orbitals information (as calculated by INDO/s) as an input to 

NEGF calculations.  The effect of the electrodes is considered through a molecule-

electrode coupling parameter, which broadens the density of states of the isolated 

molecule. The energy at which charge is injected at the molecule electrode junction 

corresponds to by the Fermi energy of the electrodes, which is also an adjustable 

parameter.  Details of the methods are shown in the APPENDICES. 

 

4.3. Calculations of Molecular Conductances 

Computations using the non-equilibrium Green’s function (NEGF) method[177] 

on DFT optimized structures were performed to study the origin of improved 

conductance and the weak dependence on length of OPE by changing to carbodithioate 

linkers.  In the following section we first analyze the conductance of CTS and DTS in the 

two limits of deep tunneling and the resonant transport regime.  Connections to the 

experiments are then made in calculations that link the two regimes and where either or 

both mechanisms are operative.  
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4.3.1. Tunneling Currents 

In the tunneling regime the Fermi level of the electrode lies in the gap between 

filled and empty molecular orbitals.  The Fermi level is far enough (energetically) from 

the HOMO/LUMO that the dominating contribution to the current (Eq. E-4, 

APPENDICES) arises from transmission near the Fermi energy. The tunneling current is 

thus given by:   
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where, n and m sum over all MOs.  Here the transmission coefficient in Eq. E-2 (and the 

current) has been decomposed into contributions from specific molecular orbitals m 

given by the scoring factor SFm.   

The calculated resistances for DTS are about an order of magnitude larger than 

for CTS.  The values for β are comparable for both systems (0.42 Å-1 for CTS and 0.43 

Å-1 for DTS), while the evaluated contact resistance R0 for the CTS (C1-C3, 1.94 MΩ) is 

almost an order of magnitude smaller than that for DTS (T2 and T3, 12.02 MΩ), 

providing evidence that improving the coupling at the contacts enhances the conductivity 

of the CTS relative to the corresponding DTS.  

Figure 2- 7 shows the scoring factor as a function of MO energy. While the 

barrier for hole injection is lower than that for electron injection in both systems, the 

electron current through empty states cannot be disregarded (relative to the hole current) 

for CTS.  Both electron and hole transport contribute comparably in CTS  (the sum of 

contributions from filled states exceeds that from empty states by a factor of 2 at most), 

while hole transport dominates for DTS (filled state contributions exceed those from 

empty states by at least a factor of 6).  For these systems, the frontier orbitals need not 
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dominate the coupling contributions, and it would be misleading to correlate conductance 

with the HOMO and LUMO energies alone.  Furthermore, even if the frontier orbitals are 

strongly coupled to the electrodes, they can have low scoring factors because contact-

induced couplings to neighboring orbitals can lead to destructive interference.  Contact-

induced couplings (cross terms in Eq. 2- 1) further enable these orbitals to boost the 

contribution of energetically close orbitals, which are more weakly coupled to the 

electrodes. 

 

 

Figure 2- 7: Plots of the scoring factors (Eq. 2- 1) for each molecular orbital vs 

MO energies.  a) CT systems and b) DT systems.  For both CT and DT systems, the 

orbitals which show the strongest contributions are labeled.   
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The contribution of the HOMO to the tunneling current in CTS is much larger 

than in DTS, despite the higher barrier for hole injection in CTS (Figure 2- 7).  For CTS, 

the additional terminal sulfur, double bonded to the terminal carbon, forms a π-mediated 

coupling pathway to the Au surface.  The contribution of this π pathway to the current is 

much larger than that from the single bonded sulfur pathway.   Since the carbodithioate 

linker is delocalized, it is plausible that the coupling for the delocalized system is 

intermediate between the single and double bonded sulfur coupling.  This may explain 

why the contact resistance is decreased by an order of magnitude in CTS, as opposed to 

the two order of magnitude decrease seen in our calculations.   

 

4.3.2. Resonant Currents 

 

Table 2- 2: Resonant current (
s

mI Re
  m=HOMO/LUMO) for V=100 mV) for CTS 

and DTS. 

System 
s
HOMOmI Re

= (µµµµA) System 
s
HOMOmI Re

= (µµµµA) 

C1 74 T1 37 

C2 26 T2 4.1 

C3 24 T3 0.7 

System 
s
LUMOmI Re

= (µµµµA) System 
s
LUMOmI Re

= (µµµµA) 

C1 42 T1 2.4 

C2 35 T2 0.1 

C3 25 T3 23 

 

In the resonant regime the electrode Fermi levels are resonant with MO energies, 

and a ballistic current flows through the molecule.  Intuitively, the current should then 

depend only on the contact resistance as defined by the coupling strength of each MO to 
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the electrodes.  In the resonant regime, the conductance depends only on the strength of 

the broadening matrix elements and contributions from off resonant cross terms (n ≠ m) 

are negligible.  This further simplifies the picture as the currents in the resonant regime 

may be considered to be the intrinsic currents of orbital m, free of any interference from 

other MOs.   If the Fermi level lies in the HOMO/LUMO gap and it gets energetically 

closer to either of HOMO or LUMO level to be resonant, only a single orbital, the one 

nearer to EF, will contribute to ballistic transport.  The data in Table 2- 2 clearly indicate 

that each HOMO for CTS is more strongly coupled to the electrodes than that for 

corresponding DTS, producing higher ballistic currents in the resonant regime.  

 

4.3.3.  Mixed Mechanisms: Combination of Tunneling and Resonant Currents 

The measured β value of 0.05 Å-1 for CTS translates to an effective barrier height 

< kBT for the carbodithioate-terminated OPEs, indicating that tunneling transport likely 

competes with thermally activated carrier injection processes.[40, 84]  Recent studies 

indicate that conformational fluctuations can bias individual members of an ensemble 

toward one mechanism or another.[92, 174-176]  Thus, we calculate the full (with 

tunneling and ballistic contributions) coherent transmission and current.  EF is restricted 

to values in the HOMO/LUMO gap and more than 0.4-0.6 eV away from the 

HOMO/LUMO, so that the current/voltage dependence in the applied bias range of 100 

mV is linear and the conductance can be calculated directly from the slope of the I-V 

plots.  The sulfur-gold coupling parameter γ is varied over a range of several orders of 

magnitude, while maintaining the weak coupling limit (i.e., the molecular energy levels 

are only broadened with negligible shifts and do not mix with each other).   

Our results show that while the β values for the two linker systems remain close, 

varying from 0.45 to 0.15 at EF values of –6.5 < EF < –2.5, it is noted that the CTS 

system is theoretically capable of achieving very low β (< 0.1) even in the weak sulfur-
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gold coupling limit (γ = 0.1 eV) when EF approaches the HOMO of C1.  Moreover, the 

relative contact resistance value (R0) of CTS is always lower (ranging from 5-180 times) 

than that of DTS for all values of EF.  These observations are consistent with the order of 

magnitude increase in resistance of DTS relative to CTS seen in our experiments.  The 

computations suggest that in the weak coupling limit the relative differences in resistance 

can be increased (decreased) by shifting the electrode Fermi level EF, using metals other 

than gold, for instance, towards the LUMO (HOMO).   

 

4.3.4. Combining Simulation and Experimental Results 

Having explored the dependence of the conductance, contact resistance and decay 

constant on our modeling parameters, we address the question of whether the theoretical 

approach in the weak sulfur-electrode coupling regime can explain our experimental data.  

The experiments show rather low β values (~0.11 Å-1 for DTS and ~0.05 Å-1 for CTS), 

which is possible when the Fermi energy EF is close to either the HOMO/LUMO, and 

both tunneling and resonant currents contribute.  It should be noted that β values as low 

as ~0.05 Å-1 for the CTS can be realized only if the Fermi level lies close to the HOMO 

for the CT OPEs.  While the ordering of the LUMO for the CT OPEs (C1 < C2 < C3) 

tends to make β large as EF shifts towards the LUMO, the ordering of the HOMO for 

both CT and DT OPEs (C1 > C2 > C3 & T1 > T2 > T3) tends to reduce β as EF shifts 

energetically towards the HOMO.  Since both linker systems couple to the electrode 

through a sulfur-gold bond, we would expect the Fermi levels for both systems to be 

close energetically and probably lying close to the HOMO.  However, as EF shifts toward 

the HOMO levels of both systems from EF = –5.5 eV in our calculation, the CTS show a 

larger β than the DTS at the same EF, in contrast to the experimental values.  This 

suggests that the Fermi level might be pinned at different energies for CT and DT OPEs.  

The physical basis of this assumption arises from the differences at the linker-electrode 
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interface: We envisage that the π-conjugated sulfur atoms of the carbodithioate group 

would modify the contact considerably with respect to the thiol function, altering the 

alignment between the Fermi level and the HOMO/LUMO of the OPE in a different way 

with linkers.  Both the delocalization and the number of terminal sulfurs connected to the 

conjugated molecular cores differ in DTS and CTS, leading to differences in the orbital 

symmetry and energy levels that mediate the coupling at the contacts.  The end group 

effect on the alignment of molecular states and the Fermi level has been invoked before 

to explain the different decay constants for the thiol and pyridine-terminated carotenoid 

molecular junctions.[42]  Finally, it is also known that the microscopic configuration 

variations of molecule-electrode contacts in the STM break junction which are difficult to 

consider appropriately in computational approaches, as well as the conformational 

heterogeneity of the OPE molecules in solution can account for differences in Fermi level 

alignment with MOs .[11, 42, 84, 148]   

 

5. Conclusion and Future Work 

5.1. Conclusions 

Combining experiments and theory, we have probed single molecule conductance 

of phenyleneethynylene molecules terminated with thiol and carbodithioate linkers, using 

STM break-junction and non-equilibrium Green’s function methods.  Our experimental 

data demonstrate that the carbodithioate linker not only augments the electronic coupling 

to the metal electrode relative to thiol, but reduces the barrier to charge injection into the 

phenyleneethynylene bridge, making possible mixed tunneling/hopping transport 

mechanisms, and underscoring that these structures are more conductive than originally 

appreciated.  The theoretical analysis highlights the importance of amplified coupling and 

multiple electrode-linker contacts in CT OPEs and captures the key differences between 

molecule-electrode injection barriers associated with thiol and carbodithioate linkages 
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(even if charge transport does not proceed by a pure tunneling mechanism).  Our 

calculations suggest that the experimental data can be explained in the weak coupling 

limit and that the Fermi energies are shifted by different amounts for CT and DT OPEs to 

lie close (~0.3 - 0.4 eV) to the HOMO of the C3/T3 systems, where a mix of tunneling 

and resonant transport mechanisms are operative.  Our modeling data show that CT OPEs 

show enhanced conductivity relative to DT OPEs for all values of the Fermi energy in the 

HOMO/LUMO gap and for all values of the coupling parameter.  Thus, we predict that 

this trend of higher conductance for CT OPE relative to DT OPE molecules will be hold 

in general for other metal/inorganic electrodes which couple weakly with the molecule.  

Collectively, these data, both experimental and theoretical, emphasize the promising role 

for carbodithioate-based connectivity in molecular electronics applications involving 

metallic and semi-conducting electrodes. 

 

5.2. Future Work 

5.2.1. Varying the Molecular Core 

We have found that the carbodithioate linker improves the molecule-electrode 

contact, and the carbodithioate terminated OPE molecules have the potential to be ideal 

molecular wires.  However, it is not clear that this trend will continue over  longer 

distances.  To address this it is necessary to synthesize longer carbodithioate terminated 

OPE molecules and perform the conductivity measurements.  In principle, as the length 

of the OPE molecules increases, the band gap will decrease.  In addition, the hopping 

mechanism may start to dominate the conductance.  The performance of OPE molecular 

wire may be better than estimated from our existing measurements. 

There are many more potential molecular wires that can be studied with the 

carbodithioate linker.  For example, a porphyrin based molecular wire is shown in Figure 

2- 8.  The low energy redox centers of the metal porphyrins can serve as hopping stops 



 

59 

for electrons, helping the electrons to travel very long distances without dissipation.  The 

light dependence of electronic properties of the porphyrin based molecular wires is also 

an interesting research topic. 

 

 

Figure 2- 8: An example of porphyrin based molecular wire. 

 

 

5.2.2. Varying the Linker Groups 

Although the carbodithioate linker group is promising, there are other linker 

groups that may provide stronger linking between the molecular wire and the electrodes.  

We have compared the carbodithioate linker with thiol linker groups.  It is important to 

know how carbodithioate compares to other linker groups.  For example, Se, Te and 

isonitrile may provide stronger connection between the molecule and gold surface; a 

molecule with multiple connections at one end may perform better than a single 

connection. 

 

5.2.3. Molecular Switch 

There have been some doubts about the switching effect observed in some 

molecular systems.  It was suggested that the switching effect may due to the instability 

of the contact between the molecular core and the electrodes.[191, 192]  Solving this 

problem is important for the development of molecular switches and to do that we need 
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much more stable molecular connections than thiol linkers.  The carbodithioate linker is a 

good candidate for this purpose. 

 

5.2.4. I-V Curve Measurements 

The conductance experiments presented here only measure current peaks in 

histograms at fixed bias values.  In order to study the performance of the molecular wires 

at a different bias, we need to change the bias and perform a new measurement all over 

again.  With the proper experimental setup, the STM break-junction can be upgraded to 

measure the I-V characteristics of single molecules, i.e. change bias while measuring 

current with the molecular wire bridging the two electrodes.  With I-V curve 

measurements one can observe other electronic properties of the molecule, for example, 

NDR.  With varying bias, the distance between the tip and the substrate has to be fixed at 

a certain value with the molecules trapped between them.  The key issue is to have a 

sensitive and well controlled feedback system so that the tip movement can be stopped at 

any current value that indicates m-M-m formation, so that the I-V measurement can be 

performed. 
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CHAPTER 3 

SINGLE MOLECULE CONDUCTIVITY MEASUREMENT OF PEPTIDE 

NUCLEIC ACIDS 

1. Introduction 

1.1. Peptide Nucleic Acid (PNA) 

Peptide nucleic acid (PNA) is an artificial analog of DNA.[193, 194]  In contrast 

to DNA, PNA has a pseudo-peptide backbone instead of a sugar-phosphate backbone.  

PNA was initially synthesized to be the recognition ligand for DNA.  The advanced 

knowledge of peptide chemistry allows such precise control of the PNA structures and 

the synthesized PNA mimics DNA structure so well that it can form a duplex with 

complementary PNA and with complementary DNA.  The double stranded PNA (or 

PNA-DNA duplex) has a very similar structure to the DNA duplex, yet the properties are 

very different.  The peptide backbone of PNA can not be cleaved by nucleases or 

proteases enzymes.  PNA duplexes are also more stable than DNA duplexes over a wider 

pH and temperature range due to the neutral backbone.  In addition, PNA can form a 

stable triplex with double stranded PNA or DNA.  All these unique properties of PNA 

open a wide range of applications, including molecular biology, diagnostics, and 

therapeutic treatments. [193] 
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Figure 3- 1: Structure comparison between PNA, DNA and protein.[193] 

 

 

1.2. Charge Transfer Study of PNA 

1.2.1. DNA Charge Transfer Studies 

There has been an enormous amount of research in the area of charge transfer 

through DNA due to its importance in biological systems.[91-93, 195-200]  Electron 

transfer in DNA systems can cause redox reactions and may results in mutation.[201, 

202]  It is important to understand charge transfer through DNA for these reasons as well 

as possible applications in molecular electronics.[13, 94, 200, 203-205]  It was proposed 

that the 	 stacking of nucleobases in DNA provides a better pathway for electron transfer 

than � carbon bonds and that DNA could serve as a molecular wire with little or no 

distance dependence.  It was shown that electrons transfer in DNA by a mixed 

mechanism of superexchange (tunneling) in short distance and hopping over several 

nanometers.[29] 
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1.2.2. The Advantages of PNA 

Although charge transfer through DNA has been extensively studied and is 

relatively well understood, the ability to control charge transport, especially over long 

distance, remains a challenge.  In part this is due to the difficulty in forming compact 

SAMs of DNA and distinguishing electron transport from ion transport.[77]  This 

limitation arises from an intrinsic property of DNA, the charged phosphate backbone.  

Therefore, a challenge in nucleic acid charge transfer studies using electrochemical 

probes is to promote the formation of a close-packed SAM to have a uniform thin film.  

The close-packed SAM also ensures rigidity of nucleic acid molecules in the SAM and 

limits the diffusion of molecules in the SAM.[1]  In contrast, PNA has a neutral backbone 

and can potentially form more compact SAMs than DNA for charge transfer studies.  It 

was shown that the growth of PNA SAMs is similar to the two-step formation of 

alkanethiol SAM.[206-209]  Initially, adsorbed PNA molecules lie down on the surface at 

low coverage.  When the surface coverage increases to a certain percentage, the PNA 

molecules stand up normal to the surface to form compact monolayers.[206-208]  The 

formation of compact SAM of PNA enables charge transfer to be studied by 

electrochemical techniques. 

In principle, the advantage of more compact SAM formation of PNA is not 

beneficial for the STM break-junction measurement of PNA conductivity, since STM 

break-junction method usually requires a low density SAM.  However, the higher 

stability of PNA duplex over DNA is still a factor to be considered in the break-junction 

methods.  For the development of molecular electronics, the most important advantage of 

using PNA comes from the modifiability of the PNA chain.  The well-established solid 

phase peptide synthetic chemistry enables researchers to modify the PNA chain easily.  

The most important feature for molecular electronics is that metal binding ligands can be 



 

64 

inserted into PNA chains.  When metal ions are incorporated into the PNA structure, 

PNA becomes a good candidate for an ideal molecular wire for long distance charge 

transfer. 

 

1.2.3. Building Molecular Wires Using PNA 

One of the strategies for building molecular wires that can transfer charge over 

long distances is to incorporate metal ions with easily accessible redox states into the 

conductive molecular core.[10, 210]  It has been shown that the exchangeable protons of 

DNA can be replaced by small radius metal ions to form a metal-DNA complex.[211]  

However, the position of the DNA metal binding sites can not be controlled.  Also, there 

is no metal ion specificity in the binding process.  The specific binding of particular metal 

ions is critical for the purpose of improving charge transfer.  It has been shown that 

difference between the metal spin selections rules of Co and Ru results in a big difference 

in charge transfer rates.[212] 

 

 

Figure 3- 2: Long distance charge transfer molecular wire based on PNA. 

(Cartoon drawn by the Achim group) 

 

PNA, an artificial analog of DNA, is a great candidate for the specific and 

position controlled binding of metal ions.(Figure 3- 2)  The neutral backbone of PNA 

minimizes the repulsive force between the two PNA chains, providing enhanced stability 
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of the PNA duplex.  The metal binding ligands inserted into the PNA chain ensures 

specific binding to certain metal ions of interest, and the position of ligands determines 

the position of metal ions.  

 

2. Experimental section 

The PNA work is a collaborative effort of several institutions, including the 

Achim group at Carnegie Mellon University, the Waldeck group at the University of 

Pittsburgh, the Beratan group at Duke University and the Borguet group at Temple 

University.  Silva Bezer, Richard M. Watson, and Paul Lund synthesized all the PNA 

molecules used in this study.  Amit Paul in the Waldeck group performed electrochemical 

measurements.  Ravindra Venkatramani in the Beratan group provided theoretical 

support.  The Temple group did the AFM imaging work and the single molecule STM 

break-junction measurements. 

 

2.1. PNA synthesis 

PNA oligomers were synthesized by solid phase synthesis (Boc protection 

strategy).[213]  Details of synthesis procedure are described in the APPENDICES. 

PNA stock solutions were prepared in nanopure water, and their concentrations 

were determined by UV-Vis spectrophotometry (ε260 = 8600 cm-1 M-1 per T-monomer). 

PNA solutions for electrode incubation were then prepared in 50% acetonitrile, 10 mM 

sodium phosphate buffer (pH 7.0), typically with 20 µM ssPNA.   

 

2.2.  Electrode Preparation  

2.2.1. Gold Bead For AFM Imaging and STM Break-junction Measurements 
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The ultra-flat Au(111) facet on a gold bead (see APPENDICES for an STM 

image of typical Au(111) facet) is a perfect substrate for AFM and STM experiments.  

The Au bead electrode was made by melting 0.6 mm Au wire (99.999%, Alfa Aesar, 

MA) in a hydrogen flame, followed by a cleaning procedure to remove contaminates.  

Details of the procedure are described in the APPENDICES.   

Prior to the experiments the substrate was cleaned by immersion in hot piranha 

solution (1:3 H2O2 and 98 % H2SO4) (Caution! The piranha solution is a very strong 

oxidizing agent and extremely dangerous) for 1 hour.   After each step the sample was 

rinsed by sonication in ultrapure water produced by a Barnstead, Nanopure Infinity 

system.  After the chemical cleaning, the crystal was hydrogen flame annealed and 

allowed to cool in air. 

 

2.2.2. Gold Electrode for Electrochemical Measurements 

A gold wire (0.5 mm diameter, 99.999%) (purchased from Alfa Aesar, MA) was 

cleaned by reflux in nitric acid (70%) at 130oC for 2 hours and then washed with 

deionized water.  The tip of the gold wire was heated to form a ball.  The exposed wire 

was sealed in a soft-glass capillary tube.  The gold ball was reheated in the flame until 

glowing, then slowly cooled down and finally quenched in deionized water (18 M�.cm). 

This annealing process was performed more than fifteen times to make a smooth clean 

ball electrode.  The area of the electrode was ~0.1 cm2. 

 

2.3. Electrochemical Measurements  

Clean gold electrodes were incubated in PNA solutions at 35oC or 40oC, typically 

for 40 hours.  After incubation the gold electrodes were washed with nanopure water and 

directly used for electrochemical studies. This study showed that the PNA SAM was 

exceptionally stable. After incubation, electrodes were kept in nanopure water, and 
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experiments could be performed more than ten days after incubation without significant 

changes in the response. 

Cyclic Voltammetry (CV) was carried out on a CH Instrument Electrochemical 

Analyzer 618B (Austin, TX). A three-electrode electrochemical cell was used, which is 

consisted of an Ag/AgCl (3 M KCl) reference electrode, a platinum wire as counter 

electrode, and a SAM coated gold ball electrode as the working electrode. All 

experiments were performed in 1 M NaClO4 (pH=7-8) aqueous electrolyte solution at 

room temperature. The uncompensated solution resistance was measured by AC 

impedance and found to be less than 5 �, so that iR drop was not important for these 

measurements.  The coverage of the PNA-Fc SAM was calculated by integrating the 

charge under the voltammetric peaks. 

 

2.4. Atomic Force Microscopy (AFM) 

Atomic Force Microscopy was carried out on an Agilent 5500 AFM (formerly 

Molecular Imaging PicoPlus) (Tempe, AZ) instrument.  A tapping mode silicon 

cantilever AFM tip (Resonant frequency 170 kHz, Force constant 40 N/ m MikroMasch, 

Estonia) was used.  Experiments were done at room temperature under atmosphere 

conditions.  The AFM images are shown without any treatment except for necessary 

flattering.  Cross-section analysis of AFM images were performed using PicoScan 

software. 

 

2.5. STM Break-junction Measurements 

The STM break-junction setup for PNA single molecule conductivity 

measurements is similar to previously described in chapter 1 and chapter 2.  Usually, a 

diluted solution of PNA (~ 10 µM) was used for the measurements.  Since the PNA 

measurements were performed under aqueous conditions, the gold tips were coated by an 
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insulating material to prevent current passing through the solution, as well as unwanted 

faradaic current, instead of the molecules.  The gold STM tips were prepared and coated 

following the procedure described in the APPENDICES. 

 

3. Result and Discussion 

3.1. AFM imaging of PNA SAM 

Tapping mode Atomic Force Microscopy imaging was performed on a gold bead 

Au(111) surface for the SAM of Cys-T6-Fc.  A typical AFM topography image is shown 

in Figure 3- 3.  Two distinct regions of the monolayer were observed, one of them is 

significantly higher than the other.  The cross-section analysis showed that the height 

difference between the two regions is ~3.5 nm.  Given that the length of Cys-T6-Fc is 

about 3 nm, it is possible that the higher region is the self-assembled monolayer of Cys-

T6-Fc with PNA molecules standing normal to the surface and the lower region is the 

substrate surface.  However, based on the mechanism of PNA SAM formation proposed 

by Martin-Gago[206-208], it is not likely that PNA forms well organized SAM in one 

region, while leaving other regions blank.  A more reasonable picture is that PNA 

initially grows the surface with very low coverage and as the self-assembly proceeds, 

PNA molecules stand up to form higher domains.  This growth mechanism suggests that 

the two regions in AFM images refer to two different phases of PNA SAM: a lying-down 

phase and a standing-up phase. 

The two-phase structure is also supported by electrochemical measurements 

which reveal two distinct charge transfer species present, one slow and one fast.[126]  If 

the electrochemical signal is dominated by the lying down phase which transfers 

electrons directly to the substrate without passing them through the PNA chain, charge 

transfer probed by the CV (cyclic voltammetry) method does not reflect the intrinsic 

property of PNA.  
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Figure 3- 3:  AFM image of Cys-T6-Fc monolayer showing two kinds of 

domains with height difference ~3.5 nm.[126]  

 

3.2. Electrochemical Characterization 

The hypothesis that the two groups of charge transfer species observed in CV 

experiments with different charge transfer rate refer to the lying-down and standing-up 

phases of PNA is confirmed by CV results of PNA SAM with only the lying-down phase 

prepared by short time incubation.  The CV results of PNA SAM without the standing-up 

phase show only the fast response species, suggesting that the slow species is the 

standing-up PNA, which is the key object of interest. 

The Pitt group utilized the charge transfer rate difference between the two species 

to prepare a PNA SAM for the charge transfer study.[126]  In this SAM only the 

standing-up species responds to the CV measurements.  After a ferrocene group is 
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oxidized during the forward scan, a reverse scan reduces ferrocenium back to ferrocene.  

However, some ferrocenium can be lost through a chemical step, especially when 

chloride ion is present in the solution (Figure 3- 4).  This degradation of ferrocene group 

only happens after it is oxidized by the forward scan, i.e. after electron transfer from the 

ferrocene to the electrode.  A protocol was proposed to preferentially destroy the lying-

down species by performing the CV scan of the SAM covered electrode in NaCl solution 

with a fast scan rate (> 1 V/s).[126]  At this scan rate, electrons do not have enough time 

to be transferred through the PNA chain from the ferrocene groups to the electrode in the 

standing-up phase, while ferrocenes in the lying-down phase can react.  The fast CV scan 

is repeated until the ferrocene in the lying-down phase is completely destroyed.  Without 

the electrochemical probe, ferrocene, the lying-down phase, while still present does not 

contribute to the electrochemical signal. 

 

 

Figure 3- 4:  Ferrocene Reaction during Cyclic Voltammetry cycles.[126] 

 

Following the destroying procedure, a series of PNA molecules was studied by 

electrochemistry.[126]  Figure 3- 5 is the tunneling decay plot for this series of thymine 

single stranded PNA molecules with various lengths.[126]  The distance contribution by 

a thymine base was taken to be 3.5 Å and the data was fit to k0 = Aexp(-�d).  The semi-

log fit to the data gives a tunneling decay constant of � = 0.87 Å-1 (3.05 / Base) for these 

thymine (T) containing single stranded PNA molecules. This value of � is similar to that 

reported for peptides and alkanethiols.[10, 125, 214-216] 
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Figure 3- 5:  Tunneling decay constant (�) determination for Thymine (T) 

containing single stranded PNA molecules (error bars are smaller than symbols).[126] 

  

3.3. Single Molecule Conductivity Measurement of PNA 

In order to understand the true single molecule behavior of PNA molecules, STM 

break-junction experiments were performed to measure the electronic properties of single 

PNA strands.  An example of typical data for one of the PNA molecules we studied, cys-

T4-cys (Figure 3- 6a) is shown in Figure 3- 6, where cys represents a cysteine group 

which binds to the gold electrode surface through a thiol-Au bond, and Tn indicates that 

the number of thymine (T) groups in PNA is n.  A well defined peak is observed in the 

histogram analysis (Figure 3- 6a) of a large number of current-distance (IS) curves.  

Typical IS curves with clear conductance steps are shown in Figure 3- 6b.  The linear 

fitting of the current peaks acquired at multiple biases reveals the conductance of cys-T4-

cys (Figure 3- 6c) to be 2.5 
�

0.4 x10-5 G0, where G0 is the quantized conductance unit 

(77µS).   
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Figure 3- 6:  Molecular conductance measurement of cys-T4-cys.[217] 

 

  We measured the conductance of PNA molecules with increasing number of 

thymine groups, i.e. length, to study the distance dependence of PNA conductance.  The 

conductivity measurement results are summarized in Table 3- 1.  We found that the 

conductance of cys-T3-cys (3.1 
�

0.3 x10-4 G0) is similar to a much shorter molecule, 

cys-BK-cys (3.5 
�

0.4 x10-4 G0), which has no thymine groups.  This indicates that PNA 

with nucleobases is much more conductive than backbone only PNA, which confirms 

that charge transfer though PNA is mainly assisted by the nucleobases.  Without the 

nucleobases, the peptide backbone, which has mostly saturated � bonds, is poorly 

conductive.  The conductivity of PNA is comparable to the reported conductance value of 

DNA.[218]  This further supports the picture of nucleobase assisted charge transfer 

mechanism, because the structures of PNA and DNA are very similar except for their 
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backbones.  The similar conductance value over a relatively long distance (several 

nanometers) appeaers to originate from the similar nucleobases in the PNA and DNA 

structures.   

 

Table 3- 1: Conductance of PNA molecules. (BK means backbone only ,  i.e. 

PNA molecule without nucleobases) [217]  

PNA Length /nm Conductance /G0 

Cys-T2-Cys ~1.5 3.6 
�

0.3 x10-3 

Cys-T3-Cys ~1.9 3.1 
�

0.3 x10-4 

Cys-T4-Cys ~2.3 2.5 
�

0.4 x10-5 

Cys-T5-Cys ~2.6 6.7 
�

0.6 x10-6 

Cys-BK-Cys ~1.1 3.5 
�

0.4 x10-4 

 

The conductivity decay constant, �, calculated through the semi-logarithmic plot 

of resistance and molecule length based on R = R0exp(�L), where R0 is the contact 

resistance, and L is the length of molecule is shown in Figure 3- 7).  The � of PNA 

molecules with thymine groups is 0.58 ± 0.03/Å, which is in good agreement with 

macroscopic electrochemical results, where the charge transfer through a PNA self-

assembled monolayer (SAM) is studied using cyclic voltammetry (CV) monitoring of a 

redox active probe, ferrocene, covalently attached to the other end of PNA.   

It should be pointed out that while the conductivity of PNA chains is improved by 

the presence of nucleobases, the decay constant is still similar to peptides and 

alkanethiols.[10, 125, 214-216]  This indicates that, although nucleobases contribute 

significantly to the conductance, the overall charge transfer in the molecule studied in our 

measurements is still in the tunneling regime, not hopping.  The reason is likely to be the 
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short length of the PNA molecules studied in this work, since the hopping mechanism 

usually dominates at longer distances.[37, 40, 92]  More experiments need to be done to 

explore the hopping regime for the charge transfer of longer PNA molecules.  

 

 

Figure 3- 7:  Natural logarithmic plot of the conductance of PNA versus number 

of bases (a) and length (b).[217]  

 

It was reported that the nucleobase type in the DNA structure affects the charges 

transfer due to the different redox states of the nucleobases.[91, 92, 195, 197-199]  The 

effect of nucleobases is also seen in PNA systems.[219]  With this in mind, we performed 

single molecule conductance measurements on single stranded PNA molecules with 

different nucleobases at the center.  The results are summarized in Table 3- 2. 

 
Table 3- 2: Conductance of same length PNA molecules with various 

nucleobases. 

PNA Length /nm Conductance /G0 

Cys-TTT-Cys ~1.9 3.1 
�

0.3 x10-4 

Cys-TCT-Cys ~1.9 ~ 1.97 
�

0.2 x10-4 

Cys-TGT-Cys ~1.9 4.2 
�

0.9 x10-4 
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It has been reported that the charge transfer rate of a PNA with seven thymine 

bases is improved by several times if the center thymine is replaced by guanine.[219]  

This effect is attributed to the lower oxidation potential of guanine compared to 

thymine.[219]  Theoretical simulations also suggest that the conductance of the purine 

(guanine and adenine) mixed PNA is an order of magnitude larger than that for the 

pyrimidines (cytosine and thymine).[219]  However, in contrast to the reported results, 

our single molecule measurements show very similar conductance values for PNA 

molecules with TTT, TCT and TGT core.(Table 3- 2)  The different behavior of PNA 

molecules in our measurements and in the reported results likely originates from the 

completely different experimental methods.  Our STM break-junction measurement 

probes the behavior of single molecules, while the reported results are from macroscopic 

electrochemical measurements.[219]   

The conformation of the PNA molecules in the break-junction measurements may 

be quite different than in the voltammetry experiments.  The long single stranded PNA 

between two electrodes in solution could be quite floppy, compared to the PNA 

molecules in a self-assembled monolayer.  In the voltammetry experiments the surface 

coverage is dense enough that all the PNA molecules are rigid and stand up on the 

electrode surface.  In the break-junction measurements, if the nucleobase at the center is 

moving too much, it might play a weak role in the total conductance.  Consider the 

following two situations for charge transfer through the PNA chain: 

1) If the single stranded PNA has a rigid conformation and all three bases stack 

well, then the electrons have a well established 	-stack to tunnel through and make little 

use of the backbone of PNA and the cysteine groups on both ends.  In this case, the effect 

of various nucleobases is maximized, as see in electrochemical experiments. 
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2) If single stranded PNA is floppy and the bases do not stack well, the 	-stack is 

disrupted, and the electrons passing through the backbone of cysteines and PNA might 

become competitive with the 	-stack channel.  It is hard to tell whether the backbone 

dominates the resistance or both channels contribute to the conductance.  In either case, 

the conductance of single PNA molecules would be smaller than in scenario 1) where the 

	-stack is stable and provides sufficient support for the electron tunneling.  In addition, 

the conductivity of single PNA molecules would be insensitive to the change of central 

base.  

The observation of PNA conductance insensitivity to nucleobase is important for 

developing molecular wires.  It highlights an important factor that affects the 

performance of molecular wires, the rigidity of molecule.  This factor is important for 

designing long range charge transfer molecular wires, since longer molecules may be 

more vulnerable to structure fluctuations.  This leads to an important feature of PNA that 

we discussed previously.  The double stranded PNA is much more stable than DNA, 

which makes PNA more suitable for long range charge transfer. 

It should be pointed out that another difference between our single molecule 

measurements and the reported electrochemical results may account for the different 

charge transfer behavior of PNA.  The molecules we studied by break-junction methods 

are three nucleobase PNA, while the PNA molecules in [219] are longer.  For longer 

PNA molecules, the hopping mechanism may start to dominate the charge transfer 

process, i.e. the electrons hop between the nucleobases and the energy levels of these 

bases are populated during the process.  In the hopping mechanism, energy levels of 

nucleobases are important for the charge transfer.  Nucleobases with lower redox 

potential, for example, guanine, should improve charge transfer.  In the tunneling regime, 

the electrons do not sit on the energy levels of the nucleobases, which influence the 

charge transfer in an indirect way by mixing with the energy states of the backbone.  In 
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our break-junction measurements, the three-base PNA molecules may primarily operate 

in the tunneling regime.  The effect of the nucleobases may be limited.  Theoretical study 

is needed to find out the extent of orbital mixing between nucleobases and the backbone. 

 

4. Conclusions and Future Work 

4.1. Conclusions 

In this work, peptide nucleic acid was analyzed by cyclic voltammetry, atomic 

force microscopy, and the STM break-junction method.  Single molecule and 

electrochemical measurements of thymine PNA with various lengths show similar � 

values, which are also similar to those of peptide linkages.   

The electron transfer rate measured for the thymine containing single stranded 

PNA molecules may be slower than the reported rate for duplex DNA for a number of 

reasons.  Single stranded PNA molecules are flexible and so base stacking in single 

stranded molecules might be poor.  In the case of DNA, long range charge transfer has 

been explained by the hopping mechanism, i.e. thermal occupation of holes in the energy 

states of nucleobases, for example guanine.  Once guanine is oxidized, the charge can 

travel a long distance.  But thymine has much higher energy states than guanine.  

Therefore, the PNA strands composed of thymine in our study may mainly transport 

charge by superexchange mediated tunneling mechanism, i. e. they should show a strong 

decay with increasing distance between donor and acceptor similar to alkanethiols and 

peptide chains, as observed both by electrochemical experiments and our STM break-

junction measurements.  

Our single molecular measurements of three base PNA molecules with various 

center base show similar conductance results.  The insensitivity may result from the 

floppy single stranded PNA chain, which has poor 	-stacking.  This finding highlights the 

importance of the rigidity of the molecular wire. 
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4.2. Future Work 

4.2.1. Length Dependence of PNA Charge Transfer 

We measured the conductance of thymine PNA with lengths from two to five 

nucleobases.  The experimental results suggest that the electron transfer is mainly by the 

superexchange mechanism.  It is important to study longer PNA molecules to observe the 

transition from the superexchange mechanism to the hopping mechanism. 

 

4.2.2. pH Effect 

All our measurements were performed in pH 7 buffer solution.  It would be 

interesting to know how charge transfer is affected by various pH conditions.   

 

4.2.3. Effect of Nucleobases at Longer Distances 

We did not observe a change in conductance of the three nucleobase PNA 

molecules on varying the center base.  Does this base type insensitivity persist for longer 

PNA when the hopping mechanism is the main charge transfer pathway?  Will we 

observe a noticeable difference in conductance when all the nucleobases in a PNA are 

changed?   

 

4.2.4. Conductance of PNA Duplex 

We expect PNA duplex to provide stability, better 	-stacking, and more electron 

transfer pathways.  Therefore, the conductance of PNA should be improved significantly.  

However, until we perform the single molecule measurements, we would not know how 

single PNA duplex molecules behave between the two electrodes in solution.   
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4.2.5. Conductance of PNA with Metal Ions 

The ultimate goal is to perform single molecule measurements of PNA duplex 

molecules with metal binding ligands and measure the conductivity with and without the 

presence of metal ions.  A whole series of experiments should be performed to study the 

effect of 1) metal ion type; 2) pH; 3) nucleobase type; and 4) length of PNA. 
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CHAPTER 4 

MOLECULAR SCALE VISUALIZATION OF PORPHYRIN CHARGE 

TRANSFER REACTIONS 

1. Introduction 

1.1. Introduction to Electrochemical Systems 

1.1.1. Electrochemical Interface and Double Layer 

A major research area in the field of electrochemistry is charge transfer and 

related phenomena, since electrochemical reactions all involve gaining or losing 

electrons.[220, 221]  Since many electrodes used are solids, the electrochemical interface 

is, in many circumstances, recognized as a solid-liquid interface.  At the interface, many 

ions specifically adsorb at the surface of the electrode, bringing in a layer of ionic excess 

charge, which is balanced by a layer of charge that resides in the electrode.[221]  These 

two layers, together, are called the electrical double layer.  The double layer concept is 

important for understanding electrochemical phenomena because most electrochemical 

reactions occur at the electrode surface, in the double layer.[220]  The potential drop 

between the two electrodes also happens primarily in the double layer region.  A simple 

model of the double layer is shown in Figure 4- 1.   
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Figure 4- 1: The simplest model of electrochemical double layer.[221] 

 

Electrochemical processes strongly depend on the structure and properties of the 

electrode surfaces.  Noble metal electrodes are often used in electrochemical research of 

charge transfer for molecular systems because of their unique properties.  In our studies, 

an Au(111) surface was chosen to perform most of the work because the following 

reasons: 1) the Au electrode is inert under most electrochemical conditions;  2) the Au 

electrode is easy to clean.  After each experiment, a piranha solution cleaning procedure, 

described in previous chapters, is enough to remove all organic molecules on the surface;  

3) the Au electrode surface is reproducible.  A chemical cleaning followed by flame 

annealing usually provides nearly identical surfaces for experiments;  4) the Au(111) 

surface is well known and has been studied extensively.[222, 223]  Au(111) has two 

stable phases: an unreconstructed and a reconstructed phase. [222, 223]  The 

reconstruction refers to the reorganization of surface Au atoms when the symmetry of Au 
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crystal is broken at the surface.  The reconstructed phase on Au(111) is a (22 × 3 ) 

structure which has 23 surface atoms registered to the space of 22 bulk atoms 

underneath.[222, 223]  The extra atoms at the surface cause microscopic roughness, seen 

as bumps in scanning tunneling microscopy (STM) images.  The vertical corrugation of 

the reconstruction lines is ~ 0.1 Å (Figure 4- 2).    

 

 

Figure 4- 2: STM image of the Au(111) reconstructed surface.  The double strips 

are reconstruction lines as shown in the cartoon on the right. 

 

The gold reconstruction is sensitive to contamination on the surface.  Observation 

of a clean, reconstructed Au(111) surface is an important control experiment for further 

STM imaging under electrochemical conditions.  In addition, our STM work involves 

high resolution imaging that requires sub-molecular recognition.  The observation of 

reconstruction lines, usually ~0.1 Å high, is an indication of a good instrument and a 

good STM tip condition for single molecule study. 

 

1.1.2. Electrochemical Scanning Tunneling Microscopy (EC-STM) 

Traditional electrochemical techniques probe the macroscopic behavior of 

molecules on the electrode surfaces.  They can be combined with spectroscopic 
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techniques, such as surface enhanced Raman spectroscopy, infrared spectroscopy, and 

surface X-ray scattering, to directly probe various aspects of the structure and properties 

of adsorbates under electrochemical environments.[224]  However, all these techniques 

do not have molecular spatial resolution.  Electrochemical scanning tunneling 

microscopy (EC-SPM) provides molecular insight for the observation of the behavior of 

single molecules under electrochemical conditions.  EC-SPM has been used to study a 

number of potential driven processes at the electrode surface, for example surface 

reconstruction,[222] electrodeposition,[225] and molecular adsorption.[226-228] 

 

 

Figure 4- 3: Schematic of EC-STM.  A bipotentiostat is used to control the 

electrode potential in a four electrode setup, including CE: counter electrode, RE: 

reference electrode.[229] 

 

STM is a surface characterization technique.  It was first developed for studies 

under vacuum and ambient environments.[230]  Shortly after, STM was used for in-situ 

probing of electrochemical interfaces when tip coating techniques were developed.[231]  
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The metal STM tip generates a faradaic current, which can overwhelm the tunneling 

current if not suppressed.  Therefore, it is necessary to coat the tip with an insulating 

material leaving only the very end of the tip uncoated.[231]  The uncoated portion of the 

tip allows the tunneling current to pass through, and since the exposed surface is very 

small, the faradaic current (usually called leakage current) is usually less than 10 pA (the 

bias used is usually 10-40 mV) in our experiments.  Another difference between EC-STM 

and normal STM is in the control of the tip-sample bias.  The bias is the voltage 

difference applied between the tip and substrate in normal STM.  However, in EC-STM 

the sample potential also needs to be controlled.  Therefore a bipotentiostat is required to 

independently control the potential of the tip and the potential of the substrate relative to 

a reference electrode.   

 

1.2. Motivation: The Importance of Porphyrins 

The unique electronic properties and reactivity of porphyrins to have led to a wide 

range of applications from biology, molecular devices, artificial photosynthesis, 

information storage to fuel cells.[1, 29, 232-238]  Due to their importance in fundamental 

and applied studies, the formation and characterization of ordered porphyrin adlayers 

have been extensively studied in the last two decades by scanning tunneling microscopy 

(STM) under various conditions, including ultra high vacuum (UHV), air and 

electrochemical environments.[226-228, 239-263] 

 

1.3. STM Study of Porphyrin Self-assembly 

Most early studies of porphyrin assemblies were performed under UHV 

environment.  For example, Gimzewski’s group showed that the self-assembled 

structures of Cu-tetra-(3, 5 di-tertiary-butyl-phenyl) porphyrin (CuTBPP) strongly 

depend on the substrate materials (Cu, Au, Ag).[239, 264]  Various structures such as 



 

85 

trimers, tetramers, and a 1D wire-like structure induced by dipole-dipole interaction or 

intra-molecular hydrogen bonds were also observed by Yokoyama et al. using -CN or -

COOH group substituted TBPP molecules.[240, 241]  The Hipps group, combining 

theoretical calculations and STM observations in UHV of sublimed layers of one or 

multiple kinds of metal coordinated porphyrin on surfaces, found that the metal ion 

valence configuration, especially the status of the dz2 orbital, strongly affects the 

observed tunneling contrast of STM images.[242, 243]  Recently, several examples of 

supramolecular architectures formed by assembly of fullerenes and porphyrins have been 

studied under UHV.  For instance, Bonifazi el al. reported a correlated arrangement 

between fullerene in 2nd layer and the porphyrin arrays underneath.[244]  In addition, 

several interesting STM experiments involving multi-porphyrin supramolecular arrays 

have been carried out under UHV. [245-247] 

There are several reports about the adlayer structures of porphyrin under ambient 

conditions.  Bai and Wan et al. reported a two-dimensional hydrogen bonding network of 

5, 10, 15, 20-tetrakis (4-carboxylphenyl)-21H, 23H-porphyrin (TCPP) on HOPG by using 

stearic acid lamellae as stabilizing barrier.[265]  They also demonstrated the stabilizing 

effect of linear alkanes on the assembly of a planar organic molecule by using alkylated 

porphyrin to achieve highly stable structures on inert surfaces(HOPG).[248]  Hou’s group 

reported a novel “edge-on” stacking structure on HOPG surface besides the well-known 

“face-on” adsorption style by using a novel porphyrin derivative, 5-hydroxyphenyl-10, 

15, 20-trikis(4-dodecyloxyphenyl) porphyrinatozinc(II) (ZnDPPOH).  It is claimed that 

the van der Waals forces and the hydrogen-bonds, as well as π-π interactions between the 

conjugated porphyrin cores, together, contribute to the stability of the monolayer. [266] 

STM has also been extensively used in investigating the structures of porphyrin 

adlayers in electrochemical environments.[226-228, 249-263]  At the electrode-solution 

interface, the molecular self-assembly process depends on the balance between inter 
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molecule, molecule-substrate and molecule-solvent interactions.[226-228, 239-263, 265, 

266]  Compared to the vacuum-solid or gas-solid interfaces tuning the working electrode 

potential provides a convenient way to adjust the molecule-substrate interaction and 

surface mobility of molecules at electrolyte-solid interface.[226]  In addition, the 

electrochemical environment allows investigation of the unique electronic and chemical 

properties of porphyrins, such as interfacial electron transfer, coordination and electro-

catalysis.[227, 255, 256, 258, 262]  [167, 227, 255, 256, 258]  Itaya’s group reported a 

series of experiments on highly ordered porphyrin arrays including single, multiple-

component and fullerene-porphyrin supramolecular assemblies.[226-228, 249-258]  For 

example, they found that iodine or sulfur modified metal surfaces provide weakened 

adsorbate-substrate binding and therefore result in ordered porphyrin arrays instead of 

disordered structures as observed on bare metal surfaces.[226, 249-254]  A group of 

interesting electrocatalytical enhancements of O2 reduction at the single molecule level 

on porphyrin modified Au interface has also been discovered.[227, 255, 256, 258]  Tao et 

al. showed that a similar adlayer structure were formed by iron(III) 

protoporphyrin(FePP), zinc(II) protoporphyrin(ZnPP), protoporphyrin IX(PP) in aqueous 

solutions.[259, 260]   Recently, potential controlled manipulation of surface mobility and 

redox activity of a metal-free, water soluble tetra-pyridyl-porphyrin (TPyP) on Au(111) 

were demonstrated in acid solutions.[261-263] 

 

1.4. Single Molecular Redox Reaction Study of Porphyrins 

Among studies of porphyrin SAM using STM, only a small number of papers 

addressed the interfacial electron transfer of porphyrin molecules although it is an 

essential step for electronics, electrochemistry, and solar-energy conversion, etc.[228, 

260, 262, 263]  For example, Itaya et al. reported the observation of ZnTPP reduction at 

Au(111)/electrolyte interface.[228]   The results shown by Tao et al. is one of earliest 
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experiments dealing with the redox behavior of porphyrins using EC-STM with 

molecular resolution.[260]  In STM images, it is easy to obtain high spatial resolution in 

the lateral direction with absolute measurement of the distance if the STM scanner is well 

calibrated.  However, the vertical height in STM is always a relative height.  Without a 

reference, it is not easy to tell whether a molecule has changed its height between images.  

In addition, the vertical height in STM images is not only related to the topography of the 

molecules but also to the electronic states, since the tunneling current can be significantly 

altered by electronic properties of the molecules.  To observe the chemical change of the 

molecule FePP as a function of the potential using EC-STM, Tao et. al. prepared a mixed 

monolayer of FePP and PP molecules, in which PP does not undergo chemical change in 

the potential range explored and was used a reference.[260]   They found that the Fermi 

levels of the substrate and tip can be easily shifted relative to the energy levels of 

molecules by tuning the working electrode potential.[260]  The FePP molecules showed 

the highest contrast when the electrode potential was tuned close to the redox potential of 

FePP.[260] 

A single molecule redox reaction study has also been studied by imaging the 

redox reaction of TPyP using EC-STM.[262, 263]  It was found that the reduction of 

adsorbed TPyP is orders of magnitude slower than that of solution-phase TPyP.[262, 263]  

This work was done by the former members in our research group, Dr. Tao Ye and Dr. 

Yufan He.   It was found that when TPyP molecules are adsorbed on the surface, the 

redox activity is suppressed, especially the reduction process.  Additionally, the oxidation 

of TPyP molecules in a SAM shows a strong neighbor effect.[262, 263]  In their work 

electrochemical and EC-STM measurements were combined to explore the redox 

properties of the surface adsorbed TPyP molecules.   

The EC-STM experiments presented by the Tao group and the Borguet group 

involve very different systems.  Tao probed the behavior of a metal coordinated 
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porphyrin and found that the redox reaction is due to the iron ion at the center of 

porphyrin.[260]  The Borguet group used a metal-free porphyrin, so that the redox 

reaction observed was entirely due to the change of porphyrin core.[262, 263]  This 

reaction might be common in many metal free porphyrin systems. 

 

1.5. Previous EC-STM Study of TPyP 

The self-assembly and redox behavior of TPyP was studied in the Borguet group 

using EC-STM under potential control.[261-263]  The experiments were initially 

designed to study the interaction between TPyP molecules and the electrode under 

various conditions.  It was found that at higher electrode potential (0.5 VSCE), TPyP 

molecules interact strongly with the electrode surface and can not move freely on the 

surface to form a self-assembled monolayer, as shown in Figure 4- 4A, in which the 

TPyP molecules distribute randomly on the surface.  When the surface potential is 

switched to -0.3 VSCE, TPyP disappeared in the STM images (lower part, Figure 4- 4B) 

indicating that the molecules might be desorbed.  However, when switching potential 

back to 0.5 VSCE, the molecules immediately reappeared in the STM image, (lower part, 

Figure 4- 4C), suggesting that the molecules did not leave the surface and the reason they 

did not appear in STM images at -0.3 VSCE is because the molecule-substrate interaction 

is not strong enough to sustain the STM imaging process, since STM tip always disturbs 

the surface during scanning. 

Under intermediate potentials (around 0.0 VSCE to 0.3 VSCE), ordered arrays of 

TPyP SAM were observed.  Interestingly, during the experiments, Dr. Yufan He often 

observed dark spots in the TPyP SAM.  Those dark spots were initially attributed to 

missing molecules in the SAM.  However, high resolution images showed clear 

molecular structure in the missing spots with the height contrast lower than the rest of 

monolayer, suggesting that the dark spots are not molecular vacancies.(Figure 4- 5)  In 
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addition, the appearance of dark spots is closely related to the potential of the substrate.  

The coexistence of dark and bright TPyP molecules was only observed at negative 

potentials when the molecule should be in its reduced form. 

 

 

Figure 4- 4: In-situ STM images (50 x 50 nm2) of TPyP (A) Electrode potential 

0.5 VSCE; (B) Electrode potential 0.5 VSCE (upper part) and -0.3 VSCE (lower part); (C) -

0.3 VSCE (upper part) and +0.5 VSCE(lower part).[261] 

 

 

 

Figure 4- 5: Pre-adsorbed TPyP on Au(111) in 0.1 M H2SO4 at 0.1 VSCE (27 x 27 

nm2) after partially oxidized.[263] 

 



 

90 

It was found that the number of dark spots can be controlled by the duration and 

amplitude of a short, positive potential pulse, i.e. an oxidation pulse.[263]  This suggested 

that the dark spot was associated with the oxidized form of TPyP, while the bright spot 

are the reduced form.  The observation of both oxidized and reduced TPyP at the same 

time at a negative potential is only possible if the reduction of TPyP is very slow, on a 

time scale longer than the STM imaging period, which is usually in the order of a few 

minutes in our study.  The STM observation is confirmed by electrochemical 

experiments.[262]  In these experiments, the potential of the TPyP modified electrode 

was initially changed to a positive potential (0.6 VSCE) to oxidize all the TPyP molecules, 

followed by holding at -0.5 VSCE for various time durations.  After the potential step 

treatment, a cyclic voltammetry (CV) scan was performed to probe the redox state of the 

TPyP monolayer.(Figure 4- 6)  It was found that the height of redox peaks in CV is very 

small when the holding time is about 0.5 minute, indicating that only a small percentage 

of TPyP molecules were reduced during this negative potential holding period.  The peak 

height continuously increases with longer holding durations.   

 

 

Figure 4- 6: Electrochemical experiments designed to probe the reduction time 

scale of a TPyP monolayer.[262] 
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It was proposed that the slow redox behavior of TPyP is due to a rate limiting 

protonation step in the redox reaction pathway.[262]  Our understanding of the 

electrochemical dynamics and redox properties of adsorbed porphyrins is still limited, 

especially the precise details of the mechanism of porphyrin electrochemical reactions on 

surfaces. 

 

2. Experimental Section 

2.1. Electrode Preparation 

A single-crystal gold bead was used as substrate.  Before each experiment, the 

substrate was cleaned by immersion in hot piranha solution (1:3 H2O2 (J. T. Baker, 

CMOS) and H2SO4 (J. T. Baker, CMOS)) for 1 hr. (Caution! The piranha solution is a 

very strong oxidizing agent and extremely dangerous), followed by rinsing by 

sonication in ultrapure water (> 18 MΩ.cm, Barnstead, Nanopure Infinity system). 

Finally, annealing in a hydrogen flame and cooling down in a funnel protected 

atmosphere produced a bead where well-defined Au(111) facets with wide (> 100 nm) 

terraces could be easily found.   

 

2.2. Sample Preparation 

5,10,15,20-Tetra(4-pyridyl)-21H,23H-porphine (TPyP) and 5, 10, 15, 20-tetrakis 

(4-carboxylphenyl)-21H, 23H-porphyrin (TCPP) were purchased from Frontier Scientific 

and used without further purification.  The chemical structures of the two molecules are 

shown in Figure 4- 7. 
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Figure 4- 7: Chemical structure of TPyP and TCPP molecules 

 

The water soluble TPyP was used by dissolving in 0.1 M H2SO4 (Fisher Scientific 

Co., trace metal grade).  A TPyP modified electrode was made in situ by adding ~ 10-5 M 

TPyP solution in to the electrochemical cell.  Details of SAM formation will be discussed 

in the results section. 

Ethanol was used to dissolve TCPP because of its poor solubility in aqueous 

solution. Self-assembled layers were prepared by immersing the gold bead in a 

TCPP/ethanol(Alfa Aesar, Spectrophotometric Grade) solution (10-5 M) for 2~3 min, 

rinsing thoroughly with ultrapure water, then promptly mounting it in a Teflon 

electrochemical cell containing HClO4 (Fisher Scientific Co., trace metal grade) water 

solution under potential control (~0.1 VSCE).  

 

2.3. EC-STM Measurements 

STM images were obtained using a PicoScan STM system with a bipotentiostat 

(Agilent, formally Molecular Imaging).  Two platinum wires were used as counter and 

quasi-reference electrodes.  All components (cell, O-ring and ceramic tweezers) involved 

in the STM experiments were chemically cleaned in the same manner as the single-

crystal gold bead.  The STM tips were electrochemically etched (3M KOH, 3~5V) from 
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tungsten wire (diameter 0.25mm) and insulated with paraffin wax.  The faradaic current 

of the insulated tips under our imaging conditions was typically less than 10 pA at any 

bias used in our experiments.  All the STM images were obtained under constant current 

mode with a high-resolution scanner, and without further processing (e.g., high-pass 

filtering) except necessary flattening.  The setpoint in constant current mode for TPyP 

multilayer adsorption study was usually less than 0.1 nA.  The setpoint for monolayer 

study of TPyP and TCPP was usually 0.1 -0.7 nA to obtain high resolution images. 

 

3. Results and discussion 

3.1. TPyP Self-assembly 

A typical high resolution image of TPyP is shown in Figure 4- 8, in which each 

group of four bright spots corresponds to a single TPyP molecule.  These bright spots are 

due to the titled pyridine rings in TPyP.[261]  Similar images were reported by Hipps et 

al. for NiTPP in an UHV STM study.[267]  

 

 

Figure 4- 8: Sub-molecular resolution STM image of TPyP monolayer acquired 

at 0.0 VSCE in 0.1 M H2SO4. 
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We tuned the interaction between TPyP molecules and surface by varying the 

applied potential at the solid-liquid interface, which can alter the properties of TPyP as 

well.  Earlier results from our group showed that TPyP forms multilayers at negative 

potential when reduced, while the oxidized form of TPyP forms only a monolayer on the 

surface.[262]  However, no structures thicker than a bilayer structure were reported in the 

earlier studies and only small domains of TPyP were seen in the second layer, probably 

due to imaging conditions.[262]   Here, we performed EC-STM measurements on the 

TPyP self-assembly to study the multilayer growth mechanism of TPyP.  The 

experiments were done in 10-5 M TPyP solution under potential control.  We found that 

TPyP, in its reduced state, can form more than two layers on the Au(111) surface.   As 

shown in Figure 4- 9a, at least four layers of TPyP are present in the image.  This 

multilayer growth could lead to a 3D crystal if enough TPyP molecules were provided by 

solution.  When a limited amount of TPyP was supplied in the solution, we occasionally 

saw a two layer structure as shown in Figure 4- 9b.  We think this image indicates a two 

layer adsorption structure because that the Au(111) reconstruction lines in the images 

(Figure 4- 9b) can only be seen if the bottom layer is the first layer adsorbed on the 

surface.  In fact this partial two layer structure is rarely seen in our experiments.  It only 

appears when the amount of TPyP added to the solution is well controlled, just slightly 

exceeding the amount required for monolayer formation.  By increasing the substrate 

potential to > 0.2VSCE, TPyP is oxidized.  The multilayer desorbs, leaving a perfect TPyP 

monolayer on the surface (Figure 4- 9c). 

An interesting feature we observed in the STM images is that the monolayer of 

TPyP, or the first layer of TPyP multilayer, very rarely has missing molecules.  But the 

top layers are usually imperfect, with a lot of vacancy holes present.  This may be due to 

the different mechanism of adlayer formation.  The first layer is formed because of the 

strong interaction between TPyP molecules and the substrate.  The interaction between 
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the top layers is likely to be the 	 stacking between porphyrin cores, which might not be 

strong enough to hold all molecules in the adlayers.  However, this 	 stacking, in 

principle, does not depend on which layer the TPyP molecule is in.  Therefore, it can help 

TPyP adlayer grow continuously to form a many-layer structure. 

 

 

Figure 4- 9: STM images of TPyP adlayer on Au(111) in 0.1 M H2SO4 under 

potential control. a) Multilayer, 91 nm x 91 nm, 0.0 VSCE;  b) Two layers, 66 nm x 66 nm 

0.0 VSCE;  c) Mono-layer, 30 nm x 30 nm, 0.2 VSCE.[268] 

 

The time scale for adlayer growth is in the order of several minutes.  Usually 

multilayers of TPyP start to appear in STM images 15 minutes after the molecules are 

added to the solution.  Figure 4- 10a shows an STM image acquired right after the 

injection of TPyP molecules into the electrochemical cell at 0.0 VSCE.  Clear Au(111) 

reconstruction lines are seen, indicating that the imaging condition is perfect and there is 

no adlayer adsorbed on the surface.  However, the image appears to be quite noisy, with a 

lot of horizontal lines present in the image.  These lines usually indicate molecular 

species dragged by the STM tip at the surface.  In Figure 4- 10a, it is likely the isolated 

TPyP molecules which started to adsorbed onto the gold surface that were removed by 

the STM tip, since the interaction between a single TPyP molecule and the surface may 

not be strong enough to sustain a stable structure during STM imaging, even if the 
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smallest current setpoint is used.  Fifteen minutes after the injection, a multilayer image 

of TPyP was observed (Figure 4- 10b).  In the image, there are at least two well 

organized layers of TPyP, with an additional layer starting to grow on the top. 

 

 

Figure 4- 10: STM images showing the growth of TPyP adlayers.  a) Image 

acquired right after the injection of TPyP molecules into the electrochemical cell.  b) 15 

minutes after the injection, multilayer of TPyP formed.  Both images are taken in 0.1 M 

H2SO4 at 0.0 VSCE with TPyP concentration ~ 10-6 M.[268] 

 

The TPyP self-assembly was also studied using a quartz crystal microbalance 

(QCM), as show in Figure 4- 11.  While STM results provide more direct, structural 

view of the adlayer growth, the QCM results yield more quantitative information.  After 

an initial dip in frequency due to the disturbance of solution by the injection process, the 

frequency continuously decreases due to the adsorption of TPyP.    
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Figure 4- 11: TPyP adlayer formation studied by QCM in 0.1 M H2SO4 at 0.0 

VSCE.  The Blue trace is the frequency change for TPyP adsorption.  The sharp drop at 

around 650 sec is due to the injection of TPyP solution (final concentration after injection 

is ~ 10-6 M).  The red trace is the calculated monolayer change based on the frequency 

plot.[268]     

 

According to calculated TPyP growth dynamics (red curve in Figure 4- 11), the 

process of multilayer formation can be divided into two separate periods.  In the initial 

200 seconds, the adlayer grows rapidly, leading to an adsorption of about 1.8 layers.  It is 

slightly less than two layers probably because the second layer is less dense than the first 

layer as seen in STM images.  In addition, the plateau at 1.8 layers is probably due to a 

self-organization process in the second layer.  After that, the adlayer continues to grow 

but with a much slower rate.  The slower growth indicates a weaker interaction between 

the top layers.  If the interaction is not strong enough to overwhelm the thermal motion of 

TPyP molecules, the thermal desorption of TPyP may compete with the multilayer 

growth process.  This competition is seen in STM images, as show in Figure 4- 12.  In 

the two successive STM images, the top layer of TPyP shows a dynamic behavior: some 

molecules have filled into the vacancy holes between the first image and the second 



 

98 

(indicated by red circles), while some molecules leave the surface (indicated by green 

circles).       

 

 

Figure 4- 12: Two STM successive image of TPyP multilayer in 0.1 M H2SO4 at 

0.0 VSCE (50 nm x 50 nm) separated by ~ 200 sec.  Red circles show vacancy holes in the 

first image (a) being filled in the second image (b), while green circles show molecules 

leaving the surface.[268] 

 

It should be pointed out that in the STM study of self-assembled monolayers, one 

should be very careful to choose imaging conditions to minimize the effect of the tip on 

the surface processes.  The setpoint is one of the most important parameters and defines 

the current value when the STM is operated in the constant current mode.  The higher the 

setpoint, the closer the tip is to the surface.  Higher setpoint often gives clearer STM 

images, but the disturbance of the surface processes by the tip is also stronger.  In our 

studies, we chose the lowest setpoint, which is just enough to maintain a good imaging 

condition while minimizing the tip effect.  Usually, our setpoint is lower than 0.1 nA.  

Higher setpoints will lead to desorption of the adlayers.  As shown in Figure 4- 13, the 
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center part of the image was scanned in previous images using a setpoint at 0.3 nA.  Most 

of the molecules in the adlayer were removed by the STM tip.    

    

 

Figure 4- 13: STM images of TPyP adlayer on Au(111) in 0.1 M H2SO4 at 0.0 

VSCE (setpoint 0.1 nA).  The center part of the image was previously scanned at 0.3 nA 

for several images.  

 

3.2. TPyP Slow Reduction 

The oxidized and reduced forms of TPyP molecules can be clearly distinguished 

by in-situ EC-STM.  While TPyP oxidizes rapidly, on the order of seconds at 0.2 

VSCE,[263] the reduction is much slower, on the order of tens of minutes.[262]  The 

oxidation dynamics has been studied in our group using EC-STM.[263]  However, the 

reduction dynamics has not been imaged by EC-STM.  To study the reduction process, 

one needs to maintain good imaging conditions maintained for tens of minutes, up to 

hours.  This is not easy in an electrochemical environment. 
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Figure 4- 14: The slow reduction of TPyP on an Au(111) surface in 0.1 M H2SO4 

solution (30 x 30 nm2).  A: Oxidized TPyP monolayer at 0.2 VSCE, B: 12 minutes of 

reduction at 0.0 VSCE.  C: 56 minutes of reduction at 0.0 VSCE.[268] 

 

The reduction of TPyP with single molecule sensitivity on Au(111) surface is 

shown in Figure 4- 14.  After ten minutes at 0.0 VSCE, 13% of the molecules were 

reduced (bright spots in Figure 4- 14B).  About one hour later, 27% of the molecules 

were reduced (Figure 4- 14C).  This reduction process is extremely slow.  The images 

shown in Figure 4- 15 were collected about 2 hours after the reduction process started 

and show that the monolayer is still not fully reduced.  Only about 90% of the TPyP 

molecules have changed from dark to bright.  Unlike the reported oxidation 

dynamics,[263] which showed a clear neighbor effect, the reduction of TPyP molecules 

in the monolayer showed no clear dependence on the redox states of molecules nearby.  

When the TPyP monolayer is partially reduced, oxidized and reduced TPyP 

molecules coexist on the surface.  Charge can diffuse in the monolayer, as shown in 

Figure 4- 15.  From image A to image B, some molecules changed from bright to dark 

(at the same position, red square in A and green square in B), while some changed from 

dark to bright (green in A and red in B).  The equal number of green and red squares 

indicates a local conservation of charge.  This provides evidence for charge diffusion on 

the surface.  The exact nature of the mechanism is under investigation. [268]  This 
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phenomenon is not likely to be a consequence of molecular diffusion because in a close-

packed SAM shown in Figure 4- 15, there is no room for the molecules to move and 

exchange position.  In addition, there are no extra TPyP molecules in the solution so it is 

also not possible for the TPyP SAM to exchange molecules with the solution.  

 

 

Figure 4- 15: TPyP monolayer in neat 0.1 M H2SO4, sample potential 0.0 VSCE, 

20 x 20 nm2, 2 hours after reduction started.[268] 

   

3.3. pH Dependent Reduction of Porphyrins 

It has been suggested that the slow reduction of TPyP is due to a rate limiting, 

protonation step at the porphyrin core[262, 263], which, in principle, should depend on 

the pH value of the solution.  However, the pH dependence with single molecule 

resolution afforded by ECSTM has not been investigated previously.  Here, we report the 

results of experiments designed to systematically study the reduction dynamics of 

porphyrins to understand how the concentration of H+ affects the reduction behavior of 

TCPP at an Au(111)/electrolyte interfaces.  In addition we wished to show that the ability 

to distinguish oxidized and reduced porphyrins by EC-STM is not limited to TPyP.  We 

choose TCPP instead of TPyP, because we hypothesized that the porphyrin redox 
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reaction previously observed take place at the porphyrin core, which should be observed 

in other porphyrins that have the same molecular core.  We found that (1) TCPP 

molecules form three types of arrays, reflecting various ways for inter-molecular 

hydrogen bonds to stabilize molecular networks. (2) Absorbed TCPP molecules undergo 

a slow reduction process similar to the reported TPyP redox reaction.  (3) Lower [H+] 

accelerates the reduction rate of TCPP, in other words, the slow reduction begins at a 

more positive potential than in the case of higher [H+]. 

Previous reports suggested that the first 2 electron transfer happens after a 

protonation-deprotonation process between P(0)H4
2+ and P(0)H2.[269, 270]  It is 

reasonable to expect that the [H+] should affect the porphyrin reduction channel as  

involves a protonation-deprotonation step.[269, 270]  However, the influence of [H+] on 

the slow reduction process after porphyrin adsorption is not well understood.  The high 

resolution EC STM studies of TCPP arrays in 0.01 M, 0.1 M and 1M HClO4 solution 

described here provide more information on the mechanism of this reduction. 

After successfully imaging the structures of adsorbate layers, the potential of the 

working electrode was stepped to negative to check if any similar reduction reaction 

happens since TCPP bears a similar molecular structure with TPyP.  During the scanning, 

all the TCPP molecules maintained the same tunneling contrast until a certain critical 

potential that was negative enough to reduce the oxidized species, was reached.  As 

expected, the reduction potential varies depending on the H+ concentration of the 

supporting electrolytes. Figure 4- 16A shows the TCPP arrays in 0.01 M HClO4 right 

after the potential was stepped to 0.1 VSCE.  No bright spots are seen in the image.  After 

a few minutes, it can be seen that some of adsorbed TCPP molecules (marked by white 

circles) turned to brighter contrast, i.e. being reduced (Figure 4- 16B, lower part), 

consistent with our previous observation for the related molecule TPyP.  After the 

substrate potential was suddenly changed to 0.0 VSCE at around half-scan position 
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(marked by white line in Figure 4- 16B, arrow indicates the scanning direction), the slow 

reduction process immediately speeded up and brighter dots appeared more quickly.  At 

least 50% of the molecules immediately turned brighter in the rest upper part image, 

implying the formation of reduced TCPP.   

 

 

Figure 4- 16: (A) TCPP arrays in 0.01 M HClO4 at potential of E = 0.1 VSCE 

without any reduced form molecules.  (B) Lower part, TCPP arrays in 0.01 M HClO4 at 

potential of 0.1 VSCE with only several reduced TCPP (bright spots) marked by white 

circles.  Upper part, TCPP arrays immediately became brighter after potential change 

from 0.1 VSCE to 0.0 VSCE in the middle of image.[271] 

 

Experiments have also been carried out in 0.1 M and 1 M HClO4 solution in the 

same manner in order to investigate the [H+] influence on the reduction of TCPP arrays.  

In a 0.1 M HClO4 solution, similar slow surface reduction (at around -0.05 VSCE) and an 

acceleration of reduction rate (at around -0.15 VSCE) were also observed.  However, a 

more negative initial reduction potential is needed to start the reduction process.  Here, 

the initial reduction potential is the starting potential at which slow reduction, determined 

by the appearance of first several bright spots during slow scanning (~7 lines/sec with a 

512×512 image resolution), is observed.  The initial reduction potential was ~0.15 VSCE, 
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more negative in 0.01 M HClO4 than the value in 0.01 M HClO4.  In other words, the 

reduction happens faster in 0.01 M HClO4 than in 0.1 M HClO4 at the same reduction 

potential, for example 0.1 VSCE. The same slow reduction process was observed in 1 M 

HClO4 solution, too, with the initial reduction potential changeed to an even more 

negative value, around -0.15 VSCE (Figure 4- 17). 

 

 

Figure 4- 17: (A) TCPP arrays in 1 M HClO4 at potential of E = -0.05 VSCE 

without bright spots. (B) Sequence STM images after (A) with several bright spots 

(marked by white circles) at potential of -0.15 VSCE.[271] 

 

According to the mechanism proposed by Wilson et al.[269], there are two steps 

including three porphyrin forms in this 2 electron transfer process. (1) A protonation and 

deprotonation reaction (PT) between two oxidized form P(0)H2 and P(0)H4
2+ and (2) An 

electron-transfer (ET) process between the oxidized forms (P(0)H4
2+ , P(0)H2) and a 

reduced form (P(-II)H4). The ET step can happen via two possible channels, either 

between P(0)H4
2+ and P(-II)H4 or between P(0)H2 and P(-II)H4, depending on the 

environmental H+ concentration.  Our results indicate that the reduction of TCPP 
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adsorbed on Au surface is inhibited by higher [H+], which should promote the 

protonation process.  Therefore, the protonated form of TCPP, P(0)H4
2+, does not appear 

to be the reactive species that undergoes the charge transfer reaction to form reduced 

form of TCPP. 

  Based on the above discussion, it is reasonable to believe that P(0)H2 is the 

active oxidized form of porphyrin in the slow reduction process, i.e. TCPP takes the  

reduction channel from P(0)H2 to P(-II)H4 (Eq. 4-1).    

42 )(22)0( HIIPHeHP −→←++ +−   Eq. 4-1 

We propose a model to describe the mechanism of the slow reduction of 

porphyrin molecules adsorbed on the electrode surface.(Figure 4- 18)  In this model, the 

H+ concentration does not influence the charge transfer reaction directly.  Instead, it 

suppresses the reduction process by protonating the original form of porphyrins (P(0)H2)  

and turning it into P(0)H4
2+, which has very limited electrochemical activity on the 

electrode surface.  Although we propose that P(0)H4
2+ does not react directly, it may be 

electrochemically reduced under other conditions that we did not explore.  Alternatively, 

it may be reactive under the conditions in our experiments, but with a reaction rate much 

slower than the reduction of P(0)H2.  Our model is supported by the cyclic voltammetry 

(CV) results previously reported,[262] in which the authors started with an oxidized 

porphyrin monolayer and then held the electrode at a negative potential for various time 

durations, on the order of minutes, to reduce adsorbed porphyrins (Figure 4- 6).  

Successive CV curves (Figure 4- 6)  show that the longer the holding time, the higher the 

redox peaks, clearly indicating a very slow reduction process.  However, the CV curves 

themselves do not reflect the slow reduction because the reduction and oxidation peaks in 

each of the CV curve (Figure 4- 6) have the same amplitude, revealing a reversible 

reaction scheme.  Our proposed model can explain this apparent contradiction easily.  

The observed slow reduction is an effect of P(0)H4
2+ deprotonation, because the longer 
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the holding time at negative potential, the more P(0)H4
2+ is deprotonated to P(0)H2, 

recovering the electrochemical activity of the reduced TPyP.  The reversible redox 

reaction observed in the CV curves is the fast reaction between P(0)H2 and P(-II)H4, 

which is reversible.  It is also understandable that the reduction rate slows down at the 

longest holding times (asymptote of Figure 2 in [262]) because the number of P(0)H4
2+ 

that can be deprotonated decreases as the protonated monolayer is depleted of protonated, 

electrochemically inactive species. 

 

 

Figure 4- 18:  Proposed mechanism of TCPP reduction on Au(111) in an acidic 

medium.[271] 

 

Concerning the question which species corresponds to the bright or dark spot we 

observed in EC-STM,  it is clear that after reduction, the TCPP molecules turns bright, 
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indicating that P(-II)H4 are the bright spots in the STM images.  Given the acidic 

condition during the experiments, most oxidized TCPP molecules are protonated.  

Therefore the dominant features we observe at the beginning of reduction, i.e. dark spots, 

are the protonated form of oxidized TCPP, P(0)H4
2+.  However, it is not obvious whether 

the original form of oxidized TCPP should be bright or dark spots.  It is possible that 

P(0)H2 turns bright right after deprotonated from P(0)H4
2+ before the reduction takes 

place.  In this case, the bright spots represent P(0)H2 and P(-II)H4 in STM images, while 

P(0)H4
2+ is dark.  In previous studies, it was reported that the oxidation of P(-II)H4 is 

relatively fast compared to the reduction process.[263]  It was shown that bright P(-II)H4 

changes to darker spots immediately after a short potential pulse, indicating that P(0)H2 

corresponds to dark spots in STM images.  Combining both our results and previous 

reports, we conclude that both forms of the oxidized species (P(0)H2 and P(0)H4
2+) are 

the dark spots in STM images and the reduced form P(-II)H4 is dark.  Therefore our EC-

STM observation of the contrast between bright and dark molecules in a TCPP 

monolayer is due to the different redox states of the molecules, i.e. the contrast is not 

introduced by the protonation/deprotonation step. 

 

4. Conclusion and Future work 

4.1. Conclusion 

Redox processes driven by electric potentials in liquid environment are of great 

interest for chemists, biologists, surface engineers and many other specialists working in 

cutting edge areas.  Scanning Probe Microscopy is an extremely useful tool for 

monitoring and controlled manipulations of nanometer-scaled objects, e.g. those affected 

by electrochemical transformations.  SAMs of porphyrins are of great interest due to their 

diverse applications, including molecular devices, nano-templates, electrocatalysis, solar 

cells, and photosynthesis.  However, most studies of the surface reactions of porphyrins 



 

108 

are based on optical spectroscopy and electrochemical measurements which probe the 

average properties of an ensemble of molecules.  We combined a molecular level study 

of the self-assembly and redox reactions using EC-STM with a macroscopic 

electrochemical technique, cyclic voltammetry (CV), to study a redox active porphyrin 

molecule, TPyP (5,10,15,20-Tetra(4-Pyridyl)-21H,23H-Porphine) and other porphyrins. 

  We tuned the interaction between TPyP molecules and surface by varying the 

applied potential at the solid-liquid interface, which can alter the properties of TPyP as 

well.  TPyP in its reduced state can form multilayers on Au(111) surface, possibly 

growing into a 3D crystal if enough TPyP molecules are present in solution.  By 

increasing the substrate potential to >0.2 VSCE, TPyP is oxidized.  The multilayer desorbs, 

leaving a perfect TPyP monolayer on the surface. 

  The oxidized and reduced forms of TPyP molecules can be clearly distinguished 

by in-situ EC-STM.  While TPyP oxidizes rapidly, on the order of seconds at 0.2VSCE, 

the reduction is much slower, on the order of tens of minutes.  Using EC-STM one can 

study a simple electron transfer reaction, the reduction of TPyP with single molecule 

sensitivity on an electrode surface.  When the TPyP monolayer is partially reduced, 

oxidized and reduced TPyP molecules coexist on the surface.  Charge can diffuse in the 

monolayer.   

  We propose that protonation and deprotonation processes at the center of 

porphyrin core play an important role in the surface redox reaction.  Due to geometry 

restrictions of the molecules adsorbed on the surface, these processes are slowed down.  

To confirm, working together with Dr. Qunhui Yuan, we performed EC-STM studies on 

a similar porphyrin molecule, 5, 10, 15, 20-tetrakis (4-carboxylphenyl)-21H, 23H-

porphine (TCPP), which has the same porphyrin core as TPyP with different substitution 

groups.  We found that, similar to TPyP, the TCPP reduction reaction is very slow at 0.1 

VSCE.  The reduction rate is increased after stepping the potential to a more negative 
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value, 0.0 VSCE, demonstrating a potential dependence of the reduction rate.  By changing 

pH to lower values, 1 M HClO4, we found that only a small number of molecules is  

reduced at a more negative potential, -0.15 VSCE.  The pH dependent results proof that 

protonation/deprotonation processes are correlated with charge transfer processes during 

the redox reaction of porphyrins. 

 

4.2. Future Work 

The observed slow reaction of TCPP is very similar to the reported TPyP redox 

reaction.[262, 263]  Taking into account that TCPP and TPyP share the same porphyrin 

core and that the overall geometry structure is very similar, it is reasonable to believe that 

the slow reduction takes place at the center of porphyrin core, which supports the 

proposed model.  We expect that this redox reaction mechanism can be generalized to 

other porphyrin molecules.  Further investigation on a range of porphyrin molecules is 

needed to consolidate our knowledge of the redox reaction mechanism.  It should be 

mentioned that the substitution groups in porphyrins may affect the redox reaction at the 

core.  For example, TCPP is more acidic than TPyP, because the pyridyl groups can 

easily undergo protonation and add positive charges the to overall molecule structure.   
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APPENDIX A  
 

STM Tip Preparation for PNA Conductivity Measurements in Aqueous Solution 
 

1. Cut tip vs Etched tip 

The gold STM tips for break-junction measurements can be prepared by two 

different techniques: 1) cutting with scissors, and 2) electrochemical etching.  The tips 

cut by scissors are usually very sharp and, with proper cutting technique, most of the cut 

tips show clear gold atomic steps when imaging the Au(111) surface by STM.  The cut 

tips also work well for the break-junction measurements in organic solvents and under 

atmosphere. 

For measurements in aqueous conditions, the tip has to be coated by an insulating 

material to prevent current passing through the solution to the tip.  However, the very end 

of the tip should be left uncoated for the break-junction measurements.  We found out 

that while the uncoated cut STM tips work well in air and in organic solutions, they do 

not perform well when coated with insulating materials, probably because the coating is 

too thick.  On the other hand, the electrochemically etched gold tips show much higher 

success rate after coating.  The different performance for coated tips from the two 

preparation methods is probably due to the difference in shape of the two kinds of tips.  

 

2. Gold tip etching 

The gold tips were etched in a 3 M sodium chloride solution with 1% perchloric 

acid.[272]  As shown in Figure A-1, a 0.25 mm diameter gold tip is submerged in the 

etchant solution together with a carbon electrode (prepared by removing the wood cover 

from a pencil).  An AC voltage, about 2-3 volts, is applied between the wire and the 

carbon electrode to drive electrochemical etching of gold.  The etching rate at the 

etchant/air interface is much faster than the submerged part, leading to the formation of a 

narrow neck (enlarge view in Figure A-1) at the interface.  Usually after ~ 5 minutes, the 
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neck becomes too thin to support the weight of the bottom part of wire and breaks, 

creating a sharp gold tip.  The etching process stops when the submerged part of wire 

drops into the solution. 

 

 

Figure A-1: Electrochemical etching setup for Au tips 

 

3. Apiezon wax coating 

The etched gold tips are coated by Apiezon wax using a home built setup (made 

by Dr. Tao Ye).  A small copper heating block is screwed to the end of a soldering iron 

(Figure A-2).  The screw on the back of the copper piece is used to attach a thermocouple 

to monitor the temperature during coating.  A small amount of Apiezon wax is melted in 

the slit of the heating block.  The gold tip is inserted into the melted wax and is pushed up 

through the wax.  When the Apiezon cools down on the gold tip and shrinks slightly, the 

very end of the tip is exposed.  The coated tip usually shows very low leaking current (< 

0.01 nA) when immersed into aqueous solutions for break-junction experiments. 

 

Figure A–2: Copper heating block for Apiezon wax coating. 
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APPENDIX B  
 

Procedure for Preparation of a Gold Bead 
 

1. Mount a 0.6 mm diameter gold wire on a stand using tweezers.  Place a beaker 

of water below the wire to catch any gold that may drop. 

2. Use an H2 flame to melt the wire until a bead forms at the bottom. 

 

3. Direct the flame to heat the bead and wire until glowing and molten. 

4. Use the flame to move the phase separation (see diagram below) up and down 

to drive contaminants to the surface.   

 

5. Submerge in Aqua Regia (1:3 HCl and HNO3 ) for 20 seconds at room 

temperature to remove the contaminants from the surface. 

6. Repeat steps 4 and 5 until all the contaminants are removed.  

7. Clean the gold briefly in Piranha solution (1:3 H2O2 and H2SO4). 

 

The gold bead prepared by the above procedure is attached to a gold foil with the 

Au(111) facet facing up (as shown in Figure B-1).  A clean gold bead usually has 

Au(111) facets with dimensions of about 0.8 mm x 0.2 mm.  A typical STM image is 
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shown Figure B-2.  For a well prepared Au bead, usually every STM image shows 

atomicly flat Au(111) terraces at least a few hundred nanometers wide. 

 

 

Figure B-1: An Au bead is attached to an Au foil with the Au(111) facet facing 

up. 

 

 

Figure B-2: A typical STM image of an Au(111) surface on a gold bead. 
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APPENDIX C  
 

Synthesis and Deprotection of Carbodithioate OPE Molecules 
 

This work was done by Dr. Tae-Hong Park in the Therien group at Duke 

University. 

Synthesis of C1 

The synthesis and characterization of 2-(Trimetylsilyl)ethyl ester of C1 are 

performed using the following procedure. 

A suspension of NaOMe (246 mg, 4.56 mmol) and sulfur powder (146 mg, 4.56 

mmol) in anhydrous THF (10 mL) was stirred for 30 min under Ar.  To this mixture, 

α,α’-dichloro-p-xylene (200 mg, 1.14 mmol, Aldrich) was added, and after 24 h, (2-

bromoethyl)trimethylsilane (0.73 mL, 4.53 mmol, TCI America) was added.  After 

stirring for 24 h, the reaction mixture was quenched with water, and then extracted with 

CH2Cl2 (×3).  The combined organic layers were dried over MgSO4.  After the solvent 

was evaporated, the residue was chromatographed on silica gel using hexane to afford red 

solid (22 mg, 4.5% yield based on α,α’-dichloro-p-xylene).  1H NMR (CDCl3, 500 

MHz): δ 7.94 (4H, s) 3.37 (4H, m), 1.05 (4H, m), and 0.11 (18H, s) ppm.  13C(1H) NMR 

(CDCl3, 125 MHz): δ 227.7, 147.5, 126.8, 34.2, 14.9 and –1.59 ppm.  Anal.  calcd for 

C18H30S4Si2: C 50.18%, H 7.02%, found C 50.11%, H 6.79%. 

 
Cl

Cl

1. NaOMe, S8

2. BrCH2CH2TMS

S

TMSES

S

SETMS 

Figure C-1:: Synthesis of 1,4-benzenedicarbodithioic acid 2-(trimethylsilyl)ethyl 

ester. 
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a) 

 

b) 

 

Figure C-2: 1H NMR (a) and 13C NMR (b) spectra of 1,4-

benzenedicarbodithioic acid 2-(trimethylsilyl)ethyl ester. 
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Deprotection of precursor molecules 

1,4-Benzenedithiol (T1) was used as received.  Acetyl-protected precursor 

molecules of 4,4'-(ethyne-1,2-diyl)bisbenzenethiol (T2) and 4,4'-(1,4-

phenylenedi(ethyne-2,1-diyl))bisbenzenethiol (T3) were deprotected using NaOH right 

before SAM preparation.  Deprotection was accomplished by adding 10µL of 0.2 M 

NaOH (aq) to a 5 mL THF solution containing a precursor molecule (100 µM) 

immediately prior to these experiments. 

TMSE-protected precursor molecules of 1,4-benzenedicarbodithioic acid (C1), 

4,4'-(ethyne-1,2-diyl)bisdithiobenzoic acid (C2) and 4,4'-(1,4-phenylenedi(ethyne-2,1-

diyl))bisdithiobenzoic acid (C3) were deprotected using tetra-n-butylammonium fluoride 

(TBAF) immediately prior to SAM preparation, by adding 200µL of TBAF solution 

(0.01 M in THF) to a 5 mL THF solution containing the precursor molecule (100 µM). 
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APPENDIX D  
 

Synthesis of PNA Molecules 

 

PNA oligomers were synthesized by solid phase synthesis (Boc protection 

strategy).[213]  MBHA resin (Peptides International) with a loading of 0.18 meq/ gm was 

down-loaded using Boc-L-Cys-(4-MeOBzl)-OH (NovaBiochem) to an estimated loading 

of 0.04-0.06 meq/gm.  Then three to seven Boc-T-OH PNA monomers (Applied 

Biosystems) were coupled using HCTU as a coupling agent.  For the PNA molecules 

used in the electrochemical study, ferrocenecarboxylic acid was coupled to the N-

terminus using the standard monomer coupling procedure, repeated twice to increase the 

yield of ferrocene-conjugated PNA.  For the PNA molecules used in the STM break-

junction study, another Cysteine group was added to the N-terminus.  Oligomers were 

cleaved using TFMSA and were precipitated in ethyl ether and dried under nitrogen.  

Solid PNA products were dissolved in 15 % acetonitrile in water and were purified by 

reversed-phase HPLC using a solvent gradient from 15% to 35% acetonitrile in water 

over 40 minutes.  The collected fractions were characterized by MALDI-TOF mass 

spectrometry on a PerSeptive Voyager STR MS. 
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APPENDIX E  
 

Theoretical Simulation of the OPE Molecules 
 

Electronic structure calculations:  The six structures, three carbodithioate-

terminated systems (CTS) and three dithiol-terminated systems (DTS), shown in chart 1 

were built and geometry optimized with DFT and a B3LYP exchange correlation 

functional with a 6-31G* basis set, using Gaussian03.[273]  The electronic structure of 

these geometry optimized structures was calculated using an INDO/s Hamiltonian[274] 

[197, 274, 275], and the molecular orbitals were used as input for the NEGF analysis of 

transport properties.   

NEGF calculation: In the NEGF approach[177] the system is partitioned into 

three subsystems (Figure E-1): The device region (center) with the molecule and thiol, 

carbodithioate linkers and the left and right featureless electrodes (contacts) characterized 

purely in terms of the chemical potentials µL/µR.  εF is the Fermi energy and V is the 

applied potential bias which is assumed to drop symmetrically across the two electrodes.  

The Green’s function describes the molecule and its interactions with the electrodes: 
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Eq. E-1 

 

 

Figure E-1: Schematic for the separation of the system for NEGF calculations: a 

device region (the isolated molecule) and two featureless electrodes. 

 

H is the Hamiltonian of the isolated molecule.  The self-energies Σ describe the 

broadening and shifts in molecular energies induced by the right (R) and left (L) 
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electrodes.  The transmission coefficient sums over all pathways for charge transport at 

energy E from one electrode to the other: 

][)( += GG�� RLTrET  Eq. E-2 

The broadening matrix: Γ  = i [Σ - Σ+] is proportional to the imaginary part of the 

self energy.[74, 148, 178]  We introduce the broadening matrix as a parameter 

represented in our calculations in the basis of atomic orbitals.  The molecule is assumed 

to contact the metal electrodes only via the sulfur atoms, i.e. only orbitals of the sulfur 

atoms are broadened and the couplings among atomic orbitals are not affected by the 

contacts.  The magnitude of the sulfur-gold coupling parameter (γ) was also chosen to be 

small so that the contacts do not strongly perturb the molecular eigenstates.  This is the 

weak electrode-molecule coupling limit, and the transmission coefficient (or current) can 

be partitioned into contributions from individual molecular orbitals.  The Green’s 

function in the basis of molecular eigenstates is: 
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Eq. E-3 

 

where HUUH +='
; U�U� L/RRL

+='
/ ; U diagonalizes the Fock matrix H.  The current 

is given by the Landauer expression: 
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 Eq. E-4 

The Fermi function defines the electron occupancy for each electrode (Figure E-

1).  The Fermi energy EF is the same for both electrodes if they are made of the same 

metal, and V is an external potential bias (0-100 mV).  The potential drop is assumed to 

be symmetric across the two electrodes.  The small biases applied here are not expected 

to cause significant changes in molecular geometry or energies, and no potential drop is 

assumed across the molecule.  In the weak molecule-electrode coupling limit, our 
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calculations are expected to capture relative trends and we analyze the relationship 

between the molecular structure and the conductance trends for the CTS and DTS. 
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