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Introduction 
 

Since Watson and Crick discovered the structure of deoxyribonucleic acid (DNA) 
half a century ago, the molecule has attracted considerable attention of scientists from 
many areas. For a long period of time, DNA was mostly interesting to biologists who 
consider it as a molecule that carries the genetic codes of all living species. Moreover, 
DNA has recently caught the attention of chemists and physicists for its unique 
electronic properties. On one hand, it has been suggested that the extended electronic 
states of DNA could play an important role in the process of DNA damage sensing 
and repairing or through long-range charge transfer. On the other hand, with the 
progress of molecular electronics, there has been a rise of interest in the conductance 
of this well known polymer.  The basic idea of molecular electronics is to use 
individual molecules as wires, switches, rectifiers and memories. Another conceptual 
idea is to use molecules as template to assembly nano-circuits. Due to its recognition 
and self-assembly properties, DNA seems particularly suitable as the active 
components for nano-scale electronic devices. The conductance measurement of DNA 
would have a major impact on the developments of nanotechnology. Furthermore, 
understanding the conductance of a complicated polyelectrolytic aperiodic system is 
by itself a major scientific problem. The DNA molecule serves as model system to 
study charge transport in one-dimensional polymers.  

Motivated by these fundamental questions and potential applications, numerous 
theoretical and experimental studies of charge transport though DNA molecules have 
been carried out. However, the nature of DNA’s intrinsic conductance properties 
remains highly controversial. In this thesis, the conductance of short DNA oligomers 
is measured with mechanically controllable break junctions (MCBJ) and new methods 
are developed to improve the conductance. In the first chapter, we introduce the 
principle of DNA transport properties and summarize the former theoretical and 
experimental works on this area. In chapter 2 methods to fabricate MCBJs and to 
prepare DNA samples are described. In chapter 3 results of conductance 
measurements of MCBJ in pure water and buffer solution are presented which are not 



Introduction 

2 

so well established but important for later studies on measurement of conductance of 
DNA samples. Chapter 4 shows the results of the measurement results of DNA duplex 
which is terminated by T-bases functionalized with thiol groups on its 5’-position. 
This new functionality protocol allows better overlap of electrons from the gold 
electrodes to the π electron system of the nucleobases resulting in a better 
conductance. In chapter 5 we explored the conductance of G-quadruplex which is 
believed to have better conductance because there are four guanine bases in each 
stacked quartet plane. The thesis ends with a summary of results above and a prospect 
for future studies.  
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Chapter 1 
Background on DNA conductance 
 

A high conductance of DNA was proposed by Eley and Spivey soon after 
discovery of its double helix structure. The basic idea is that the overlapping π 
electrons in adjacent bases form a delocalized electron system1. However, the variety 
of DNA sequence and its flexible nature make the problem complicate. Despite 
numerous and inspired theoretical studies on the conductance of DNA, the 
experimental results are highly controversial. In the first section of this chapter, the 
origin of conductance of DNA, coupling of pz orbitals between stacked bases, are 
introduced. Basic knowledge about charge transfer through metal-molecule-metal 
systems is also introduced in this section. Then, sophisticated theories on DNA 
conductance are discussed in section 1.2. After that, experimental results on 
conductance measurements of DNA using different methods are reviewed and 
compared (section 1.3). Based on these works, we are motivated to develop new 
strategies to enhance the DNA conductance and to improve its binding to electrodes, 
as discussed in section 1.4.  
 

1.1 Fundamentals of DNA conductance 
 

1.1.1 Structure of DNA molecules  

Before discussing the conductance of DNA, we first show its chemical 
composition and its structure. DNA is made up of four monomers, so-called 
“nucleotides”. Each nucleotide contains a five-carbon sugar phosphoric acid and a 
nucleotide base. Depending on the difference of bases, there are four nucleotides, 
named Adenine (A), Guanine (G), Cytosine (C) and Thymine (T). The phosphoric 
sugars can be linked together as a backbone to form a single stranded DNA. An 
amazing property of DNA is that complementary bases can bind to each other by 
hydrogen bonds, i.e. A to T and C to G, as shown in figure 1.1b. So, two single 
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stranded DNAs with complementary base sequence would bind together to form a 
double-stranded DNA (dsDNA). This self-assembly property makes DNA an ideal 
molecule to carry gene sequence, and a promising template used in nanotechnology.  

 
 

Figure 1.1: structure of double-stranded DNA. (a) the double helix with its 
stacked base pairs in the core region. A few atomic pz orbitals (vertical loops) and 
positive counterions (stars) are also shown. The counterions neutralize the negatively 
charged phosphate groups of DNA. The duplex also have a minor groove and a major 
groove which allows other molecules binds to. (b) Close-up of the two possible base 
pairs, including sugars and phosphates: guanine (G) paired with cytosine (C) by 
three hydrogen bonds; adenine (A) paired with thymine (T) by two hydrogen bonds. 2. 
 

Two strands of DNA are wound around each other forming a double helix, as 
shown in figure 1.1a. In most solution environments, the double helix has a 
“B-“conformation. Typical “B-DNA” structure has a diameter of 2 nm, a distance 
along axis between adjacent bases of 0.34 nm and a twist angle of 36o (10 bps per 
turn). In low humidity environments, the DNA adapts to an “A-” conformation, which 
has a diameter of 2.6 nm, a distance along axis between adjacent bases of 0.22 nm and 
11 bps per turn. In either case, the planes of complementary nucleotide bases are 

ba b

3.4 nm 

2.0 nm 



Chapter 1 Background on DNA conductance 

5 

perpendicular to the phosphor-sugar backbone.  
The length of DNA can be up to several meters. Long DNA molecules can be 

regarded as a “worm-like-chain” polymer. Its mechanical properties have been studied 
with single molecular force experiments3. A persistence length of 50 nm is obtained, 
consisting of about 150 base pairs. Short DNA with its length smaller than 50 nm will 
be considered as stiff rod.  

In addition to the double-stranded form (dsDNA), it is also possible to form three 
or four-stranded conformations, which are supposed to have differing transport 
properties from dsDNA. We will discuss a particular four-stranded DNA, the 
G-quadruplex, in section 1.4 and chapter 5. 

In most part of this thesis we will only discuss the dsDNA instead of single 
stranded DNA, so DNA without special label in the following is dsDNA. 
 

1.1.2 The π-π electron coupling  

As early as in 1962, Eley and Spivey suggested that the inter base hybridization 
of pz orbitals, which are perpendicular to the planes of the stacked base pairs in a 
double-stranded DNA, could lead to conductive behavior 1, similar to metallic stacked 
aromatic crystals. The reason behind this idea is that dsDNA’s bases are aromatic 
entities (organic compounds containing planar, unsaturated, benzene-type ring 
structures) whose atomic pz orbitals perpendicular to the plane of the base can form 
rather delocalized π bonding and π* anti-bonding orbitals，as shown in Figure 1.2.  
The coupling between two neighboring base pairs of dsDNA broadens the energy 
level of the π electrons. This could lead to extended states along the helical axis with a 
reduced energy gap. If the coupling is strong enough and gaps are vanished, the 
dsDNA will have metallic behavior. Even if the gaps are not vanished, there is still a 
possibility of doping effect by either electrons or holes. The dsDNA would have 
transport property similar to conventional doped semiconductor behavior.  

Figure 1.2 shows the structure of a typical aromatic entity，benzene. In reality, 
there are stacked aromatic crystals with metallic behavior. However, unlike these 
crystals, biological DNA is not a periodic system. The potential difference between 
two bases would lead to the expectation of Anderson localization of the electronic 
states in the base pair stack4. In addition, the double helix of DNA acts to keep the 
hydrophobic bases out of water, and the acidity of DNA (negative phosphate groups 
on the backbone) requires a proximate condensation of positively charged counterions 
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(normally sodium or magnesium) in the environment. The water molecules and 
counterions contribute to an apparent random electronic environment. Furthermore 
the strong influence of molecular vibrations complicates the study of DNA as an 
electronic material as well5. 
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Figure1.2: the structure of benzene and DNA bases. a, the model for benzene 

consists of two analogue forms, which corresponds to the double and single bonds’ 
switching positions. A double-headed arrow is used to indicate that the two structures 
are not distinct entities, but merely hypothetical possibilities. b, the model of benzene 
represented by a hybrid (average) of the two structures in a. c, the positions of 
p-orbitals of benzene. The single red bonds are formed with electrons in line between 
the carbon nuclei, called σ bonds. Double bonds consist of a σ bond and a π bond. 
The π-bonds are formed from overlap of p-orbitals above and below the ring plane. d, 
p orbitals can interact with each other freely, and become delocalised, with each 
electron being shared by all six in the ring. The resulting molecular orbital has π 
symmetry. e, the structure of four DNA bases, all of them are aromatic entities. Figure 
a-d are from WiKi (http://en.wikipedia.org/wiki/Aromaticity).  
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Taken together, these structural, environmental, and vibrational properties make 

DNA a highly dynamic and complex system. The question of whether traditional 
concepts borrowed from solid-state physics might apply in understanding the diverse 
experimental results on this system is still open. 

 

1.1.3 Charge transport through molecular devices 

  

A

LUMO

HOMO μR

Ef

moleculeL R

a

μR

level Right 
contact

Left 
contact

ΓL/h ΓR/h

b
A

μL μL

ε

 
Figure 1.3: a, schematic energy level diagram of a metal-molecule-metal 

structure. b, illustration of the simple model with one energy level. An electron in this 
level can escape into contact at a rate of Γ/h. For unification, in both a and b, the 
right electrode is positively biased to the left one. 

 
Our main work is to directly measure the charge transport along DNA molecules. 

Given the bias voltage between two electrodes, we measure the current through the 
electrode-molecule-electrode system. In the classical description, resistance is the 
most important parameter to describe the charge transport through a sample. The 
resistance is proportional to the length of the sample and inversely proportional to the 
cross section of the sample. However, this simple description breaks down if 
dimension of the sample is below a critical size. Especially for molecular samples 
such as DNA molecules, which are smaller than the electron mean free path, the 
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quantum mechanical wave-nature of the electron being transported through the 
sample turns the classical conductance issue into a quantum wave-scattering problem. 
So the resistance of a molecule, which is defined as the voltage divided by the current, 
has more complicated meanings than that of a macroscopical system. 

In this section we deduce the current through an electrode-molecule-electrode 
(metal-molecule-metal) system, using a simple toy model and also non-equilibrium 
Green’s functions (NEGF). 

Now consider the typical metal-molecule-metal system as shown in Figure 1.3 a. 
Ef  is the Fermi energy of the contacts in equilibrium. μL and μR are separately the 
electrochemical potential of left and right electrode, provding a reservoir of electrons 
at the thermal equilibrium. For example, when a positive voltage V is applied 
externally between the electrodes, the electrochemical potential of the left electrode 
should be lower than the right one, with μR = μL- eV. A net current can possibly flow 
through the sample. In order to clearly introduce the charge transfer of this typical 
nonequilibrium system, at first a simple toy model can be used to consider a one-level 
system, and then the system with multiple levels. Finally the actual system in which 
the multiple levels are overlapping and broadened is described with nonequilibrium 
Green’s function. 

Firstly, a simple one energy level system (with energy ε) is considered, as shown 
in Figure 1.3 b. With Fermi-Dirac statistics, the number of electrons occupying the 
energy level would be given by  

( )LL fN με ,2=  and ( )RR fN με ,2= .  

where, ( ) )1/(1, TkBef
με

με
−

+=  is the Fermi function. Under nonequilibrium conditions, 

the number of the electrons N should be between NL and NR. So, the net current at the 
junctions should be: 

( )NNeI L
L

L −
Γ

=
h

 and ( )R
R

R NNeI −
Γ

=
h

, 

where ΓL and ΓR are the coupling from the the energy level to the contacts. For the 
steady state, IL = IR = I, so, 
 

( ) ( )
RL

RRLL ffN
Γ+Γ
Γ+Γ

=
μεμε ,,2                                         (1.1) 
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( ) ( )( )RL
RL

RL ffeI μεμε ,,2
−

Γ+Γ
ΓΓ

=
h

                                         (1.2) 

 

Now consider the broadening energy level due to its finite lifetime arising from 
the coupling to the two electrodes, we import Lorentzian density of states D(E) to 
replace the discrete level: 

( ) ( )( )( )22 2/2
)(

RL

RL

E
ED

Γ+Γ+−
Γ+Γ

=
επ

  

 

 Then current formula (1.2) will change to, 
 

( ) ( )( )dEEfEfEDeI RL
RL

RL μμ ,,)(2
−

Γ+Γ
ΓΓ

= ∫
∞

∞−h
                       (1.3) 

 

For real molecules, multiple levels often broaden and overlap in energy. We can 
use the nonequilibrium Green’s function formalism to describe the current of the real 
system. We define the Green’s function G(E) as 

( )( ) 12/)( −Γ+Γ+−= RLiEEG ε  

Then the density of states D(E) can be expressed by the Green’s function as 
{ }
π2

)(Im2)( EGED −
=  

In the NEGF formalism, the single energy level ε is replaced by a Hamiltonian matrix 
[H], while the broadening Γ is replaced by a complex energy dependent self-energy 
matrix [Σ] , with Γ=i(Σ-Σ+), so that the Green’s function becomes a matrix given by 

( ) 1)( −Σ−Σ−−= RLHESEG  

Where, S is the identity matrix of the same size as the other matrices. The density of 
states is, 

( )( )
π2

)()()( SEGEGiTrED
+−

=  

Then the current in Eq 1.3 can be described as 
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( ) ( ) ( )( )dEEfEfGGTreI RLRL μμ ,,2
−ΓΓ= ∫

∞

∞−

+

h
                       (1.4) 

 
In order to calculate the current of the metal-molecule-metal system, this basic 
approach can be used in conjunction with a more elaborate Hückel Hamiltonian or 
even an ab initio Hamiltonian6. The main effort of the theoretical work on DNA 
conductance is to get the Hamiltonian of the electrode-DNA-electrode system. 
 

1.1.4 Tight-binding Hamiltonian of DNA 

With the method above, the computation of the DNA conductance is thus traced 
back to its electronic structure, e.g. the Hamiltonian of the “metal-DNA-metal” 
system, especially of the DNA molecule. The best developed implementation is 
employing tight-binding (TB) Hamiltonians based on localized orbitals. This 
approach provides the simplest guess for the electronic structure of a molecular 
system, with parameters optimized from experiments or ab initio calculations. In this 
section we show a method using a simple Hückel model to deduce the TB 
Hamiltonian of the π electron systems between two successive base pairs, and discuss 
the factors that determine the DNA electronic transfer. 

-

-
+

+

Φ

d

z

base pair 1

base pair 2l

 
Figure1.4: The coupling between two atomic pz orbitals from parallel base 

pairs. The contributions from ppσ and ppπ hybridization have opposite signs and can 
cancel each other. Here, d and l are the distance between the two orbitals and its 
projection on the base pair plane, respectively, and z is the separation of the two base 
pairs. 
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Figure 1.1a shows a typical DNA structure in which some atomic pz orbitals are 

indicated by vertical lobes. Since the π and π* orbitals are formed by the atomic pz 
orbitals perpendicular to the base pairs and pointing along the helical axis, one can 
also consider a simple Hückel model (linear combination of atomic orbitals to 
molecular orbitals) to calculate the π electron structure. Two pz orbitals from different 
base pairs, as shown in Figure 1.4, couple by ppσ and ppπ hybridization. These 
hybridization matrix elements have different signs due to the signs of the lobes of the 
pz orbitals and may be modeled with the semi-empirical Slater-Koster theory 7, 8,  

 

cRd
ppXppX e

md
V /

2

2
−=

hη                              (1.1)  

 

where 0>ση pp  and 0<πη pp ; d and m are the distance between the orbitals and 

electron mass. 22 ÅeV62.7/ =mh . The exponential distance cutoff Rc is additionally 

introduced to describe the exponential tails of the wave functions at large separations. 
The parameters η and Rc can be determined by matching to results of ab initio 
calculations. 

The inter-atomic electron transfer matrix element between two ‘‘parallel’’ pz 
orbitals on neighboring base pairs is then a combination of ppσ and ppπ hybridization, 
which are given by 

 

( ) ⎥
⎦

⎤
⎢
⎣

⎡
−

+
+=

+=
−

ππσ

πσ

ηηη

φφ

pppppp

Rd

pppp

zl
z

md
eV

VVV
c

22

2

2

/2

22 cossin

h                  (1.6)  

 
where l and z are defined in Fig 1.4.  

Approximating the molecular orbitals of different base pairs as being 
orthogonal to each other, one can describe the coupling between two successive base 
pairs by 
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∑∑=
1 2

,2,112,
N

i

N

j

m
j

n
iij

mn ccVt                                   (1.7)  

 
Here i and j run over the N1 and N2 pz orbitals of base pairs 1 and 2, respectively. G-C 
has 19 while A-T has only 18 pz orbitals. The ci 

1,n is the ith LCAO (linear 
combination of atomic orbitals) coefficient of the nth molecular orbital of base pair 1. 
V is the off-diagonal block matrix (N1×N2) of the Hamiltonian matrix (N1+N2) 
×N1+N2) describing the interaction between the states of the two base pairs. 

The TB Hamiltonian of the π electron systems between two successive base pairs 
should be: 

cTB HHHH ++= 21  

 

∑∑∑∑ ++=
1 221

,11
N

n

N

m

mn
N

m
m

N

n
nTB tH εε                               (1.8)  

 
where H1 and ε are the site Hamiltonian and energy of base pair1. Hc is the coupling 
between the base pairs. Given the TB Hamiltonian for the molecule and a suitable 
model for the leads, it is thus possible to estimate the quantum conductance and, to a 
first approximation, the current-voltage characteristics of the metal-DNA-metal 
device. 
 

1.2 Review of theoretical investigations on DNA conductance 

 
With the current expressed by nonequilibrium Green’s function (Eq 1.4), the 

computation of the quantum conductance of DNA is traced back to the knowledge of 
the electronic structure (e.g., the Hamiltonian of the metal-DNA-metal system). In this 
section, we review the former theoretical works about the charge transport in DNA 
molecules. These theoretical approaches can be divided into two classes: model or 

semi-empirical studies,  and ab initio (Hartree-Fock, DFT, and quantum molecular 
dynamics) calculations9. The first kinds of methods can deal with large molecular 
systems but are limited by the uncertainty about which degrees of freedom and energy 
scales to include, since there is not a conclusive picture from experimental results. 
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The ab initio methods are devoted to the parameter-free determination of the 
electronic structure, without requirement of experiment-measured quantities. The key 
difficulty will be to handle the large unit cells. 

 

1.2.1 Model calculations 

One of the popular models is to explain the charge transfer rates between specific 
locations along the base sequence, basing upon the Marcus theory. Marcus theory is 
currently the dominant theory of electron transfer in chemistry. It provides a formula 
for the electron transfer rates, in which the electron can move or hop from one 
chemical species to another, even though the two chemical species are not directly 
bond to each other10, 11. 

The essential ideas of the above model are as follows: by oxidation or reduction 
a donor base is driven to an excited state, which is energetically comparable to the 
state of a distant acceptor base. If the donor and acceptor base are close enough, 
quantum-mechanical tunneling can occur, with the electron transfer rate: 

( )
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ Δ+
−=

Tk
G

Tk
Hk

bb
ABet λ

λ
πλ

π
4

exp
4

12 20
2

h
 

where HAB is the electronic coupling between the donor and acceptor the formula 
describes an exponential decay with the distance, λ is the reorganization energy, ΔG0 
is the total Gibbs free energy change for the electron transfer reaction, and kb is the 
Boltzmann constant. If the distance between the donor/acceptor is close, the charge 
transfer is achieved in a single tunneling event. So the transfer rate is an exponential 
decay with the distance HAB~exp(-βd). Theoretically, β was estimated to be in the 
range of 0.85–2.5Å 12. If the distance is too far, the transfer would happen though 
multiple hops, so the rate is algebraic dependence on the distance. In model 
calculations, models for the mobility mechanisms are necessary to devise. The 
mobility mechanisms address dynamical processes by which the charge might move 
along the DNA helix. So far, several mechanisms have been put forward for charge 
transfer in DNA, such as, tunneling (one-step super-exchange), hopping 
(self-exchange), multiple hopping and polaron hopping13-21. The tunneling mechanism 
corresponds to a nearly atomic limit, which has strong distance dependence. The 
hopping mechanisms are predominant to explain the long range charge transfer in 
chemistry. The results obtained by model calculations are needed to compare with the 
measured charge-transfer rates. 
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In the conductance investigation of DNA, these models are widely used to 
explain the special experiment phenomenon. For example, the wide gap and step in 
I-V curves can be well explained by resonant tunneling with some degree of inelastic 
scattering or dephasing. Furthermore, the large variations of the gap at different 
measurement sweeps and temperatures can be explained by a temperature dependent 
modification of the base pair coupling or the coupling to the charge reservoirs. 
Particularly, the experimental finding of a strong temperature dependence at high 
temperatures and weak temperature dependence at low temperatures22-25 were well 
explained by activated hopping at high T and variable-range hopping at low T, in 
combination with thermal structural fluctuations25-29. 

Using a simplified model the transmission coefficients can be calculated for 
various DNA sequences (random sequences or homogeneous sequences with different 
base pairs) 4, 29-35. In the work of Roche34, 20 nm Poly(dG)-Poly(dC) DNA yields 
transmission coefficient T(E) ~1.5-2 , corresponding to electronic transfer rate k in the 
order of 0.2 ps. 
 

1.2.2 Ab initio (first principle) calculations 

Ab initio calculations are computational methods based on quantum chemistry. 
The term ab initio indicates that the calculations start directly from the level of 
established laws of physics (first principles) and make no assumptions such as models 
and fitting parameters.  

The simplest type of ab initio electronic structure calculation is the Hartree-Fock 
(HF) scheme, which neglects the instantaneous coulombic electron-electron repulsion 
by only considering its average effect. The obtained approximate energies from HF 
methods are always equal to or greater than the exact energy. Many types of 
calculation begin with HF calculations and subsequently correct for electron–electron 
repulsion, such as second-order Møller-Plesset perturbation theory (MP2). In many 
cases, the HF method is not a good basis for calculation, particularly on bond 
breaking process. It is then necessary to start with a new wave function, such as 
methods of density functional theory (DFT). DFT is a quantum mechanical theory 
used in physics and chemistry to investigate the electronic structure of many body 
systems. According to this theory, the properties of the system are mathematical 
functions of the electron density which is itself a function of position.  

Ab initio calculations have the advantage that they can be made to converge to 
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the exact solution. The downside of ab initio methods is their computational 
cost-enormous amount of computer time, memory and disk space. Giving N basis 
functions, the HF method scales nominally as N4, correlated calculations of MP2 as N5. 
DFT calculations are always more expensive than an equivalent HF calculation since 
DFT methods scale in a similar manner to HF but with larger proportionality term.  

The molecular electronic structure for DNA models and real extended DNA, 
which affects the quantum conductance and hence the quantities directly measured in 
transport experiments, can be calculated directly by ab initio methods. Results of such 
calculations may help to devise models for charge mobility from a different point of 
view, e.g. to unravel the role of the electronic structure in determining the shape of the 
measured current-voltage curves.  

HF calculations are used to estimate bonding and stacking of DNA bases36, 37 as 
well as dependence of the energy splitting to distance and orientation of DNA bases38. 
While traditional HF calculation only includes Coulomb exchange effect, neglecting 
correlations, the effects are taken into account in the improved MP2 methods. These 
studies named as MP2/HF, provide an accurate determination of the geometry and 
energetics of stacked and hydrogen-bonded base pairs. Results of electronic coupling 
between adjacent bases, calculated at the HF level, are applied to the description of 
single step hole transfer between two guanines separated by a base bridge39. 

The DFT scheme is more suitable to compute the electronic properties of the 
extended DNA molecules, and has been successfully applied to a number of different 
structures. The first band-structure calculation on a canonical B-DNA structure 
without solvent was performed by Lewis et al.40 using the FIREBALL DFT code41. A 
DFT code with similar features, SIESTA 42, was also applied to calculate the band 
structure of a fully relaxed A-DNA structure, indicating an extremely small 
HOMO/LUMO bandwidth 43. Further more the effects of DNA sequences, solvent, 
counterions, and other conditions have also been addressed with ab initio methods.  

In the following section, we introduce some theory results from ab initial 
calculation of DNA electronic structure, focusing on some factors that effect the 
structure, which are related to our work. 
 

1.2.2.1 Influence of DNA structures  

Dependent on the environment (humidity, salt type, and concentration) and 
whether it is under mechanical stress, DNA can form several different helical 
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structures (A-DNA, B-DNA, Z-DNA and S-DNA, which is “stretched” DNA). Here 
we focus on the theoretical results to the two main right-handed DNA conformations, 
the A- and B-DNA42, 44-56. The stretched DNA structure is also discussed. 

The results of the π-π coupling for various base pair dimers are calculated with 
the DFT code SIESTA42, 52, 53.  Biological DNA is mainly in B form, in which the 
base pairs have an average separation of about 3.4 Å and a relative twist angle of 
around 36° around the helical axis51. The structure is very regular and the base pairs 
are well stacked (strong geometrical overlap). On the other hand, the A form exists at 
lower humidity. About 5-10 water molecules are necessary to form a more or less 
regularly ordered A-DNA structure. Although the base pair separation is only 2.5 Å 
and the twist angle is 32.7° 57, the stacking is less effective. As a result, there will be 
better overlaps between atomic pz orbitals from adjacent base pairs of DNA in the B 
form than that in the A form. Then the competition between σ and π couplings can 
cancel the electronic coupling completely in A-DNA. This explains the small 
interbase molecular-orbital couplings of A-DNA.  

There are other possible DNA structures that result from mechanical stretching. 
Molecular-dynamics simulations using classical force fields showed ribbon like 
structures 54-56. Some works found for fully planar S-DNA structure, indicating the 
stretching only serves to localize the electronic states further due to a reduced number 
of good contacts 58. This was confirmed by Maragakis and co-workers with a more 
extensive DFT calculation 48, 59. Another recent work studied DNA quantum transport 
of poly(G)- poly(C) DNA oligomers during the stretching&de-twisting process60. 
Local maxima in the charge transfer integral between two nearest-neighbor GC pairs 
arise from the competition between stretching and de-twisting, during the stretching 
process. This leads to a nonmonotonous current response which strongly depends on 
the DNA-electrode coupling. 
 

1.2.2.2 Influences of DNA sequences 

Several DFT theoretical results about structures and currents through DNA 
molecules with different sequences such as Poly(dG)-Poly(dC) or Poly(dA)-Poly(dT) 
have been  reported recently61-63. Given the same structure (A- or B-type DNA), the 
band gap of Poly(dA)-Poly(dT) is larger than that of Poly(dG)-Poly(dC). The highest 
occupied molecular orbitals (HOMO's) of Poly(dA)-Poly(dT) and Poly(dG)-Poly(dC) 
are formed by adenine's and guanine's HOMO, respectively, regardless of the 
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structure type. 
The nearest theoretical study about charge transfer in DNA bases reported the 

results similar to other calculations, using a linear combination of atomic orbitals 
(LACO) method 64. In this work, they found that the hole hopping parameter within 
Poly(dG)-Poly(dC) or Poly(dA)-Poly(dT) is equal, while for electrons intra-base-pair 
hopping is more favorable in Poly(dG)-Poly(dC) base pairs. Furthermore, taking into 
account the slight deformation of bases with in the base pairs of B-DNA (compared to 
isolated bases), they also found that for the Poly(dA)-Poly(dT), the HOMO resides in 
Poly(dA) and the LUMO in Poly(dT), while for Poly(dG)-Poly(dC) both HOMO and 
LUMO reside in Poly(dG).  

All the theoretical results indicated the importance of guanine in charge transport 
of DNA molecules. The guanine-rich DNA should be more conducting than random 
sequences. In deed, guanine plays a key role to enhance charge migration 13 because 
of its low ionization potential. Since guanine is suitable for electronic applications, 
guanine aggregates have been introduced to devise conducting nanoscale materials, 
whose electronic features are typical of wide- gap semiconductors 65. 

A first principle investigation about guanine quarted nanowires was reported in 
2002 66, 67. The details of this work will be discussed in chapter 5. The authors found 
that the energy separation between neighboring localized states is so small that the 
coupling can be easily induced by room temperature thermal hopping. The 3G4/K+ 
tubes under suitable conditions are expected to exhibit an effective behavior of 
wide-band-gap semiconductors.  

 

1.2.2.3 Effects of counterions and solvate shell 

It has been suggested that the dynamics of the counterions have a crucial impact 
on charge migration in DNA. Several DFT calculations, performed at the upper limits 
of available computational power with the most sophisticated parallel computers, 
addressed the static and dynamic role of counterions in the determination of the 
electron energy levels and wave functions10, 11, 68-72. 

Ab inito methods on selected structures from a classical molecular-dynamics 
simulation show that counterions actually gate the single charge transport in DNA by 
adjusting the energy levels 72 - a reorganization already inherent in the classical theory 
of Marcus10, 11. A recent ab initio study employing the SIESTA code on a singly 
charged (positive) segment of four-base-pair DNA found evidence of polaron 
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formation with an estimated 0.15 eV gap for activated polaronic conduction 69. 
The DNA molecules are flexible in solution, which could also affect its transport 

properties. Woiczikowski et al. addressed the question by combines large-scale 
quantum/classical molecular dynamics simulations with transport calculations based 
on Landauer theory. Their results show that the correlated fluctuations in solvent are 
crucial in determining the transport properties of DNA and the effect of fluctuations 
can be quite different for sequences with low and high static disorders73.  In 
conclusion, it appears that drying DNA, as usually done prior to measure the 
conductance, can lead to DNA conformations with localized electronic π states, 
although hole doping of the backbone by counterions might be possible. On the other 
hand, wet DNA may support electrical current, partly due to solvent impurity states 
sitting in the large π-π* energy gap. In the case of divalent magnesium counterions, 
these might be even electron-doped unoccupied π* states. 
 

 

1.3 Review of experimental investigations on DNA 

conductance 

 
The idea that double-stranded DNA may function as a conduct for fast electron 

transport along the axis of its base-pair stack, was first formulated in 1962 1. But only 
about 30 years later a large body of experimental methods to investigate the problem 
became available 74 16, 50, 74-84 10, 11, 85, 86. The very first interests were focused on the 
charge migration in liquid conditions. 

The experimental works started with studies on genetic mutations related to 
cancer therapy. After that, many studies were undertaken to investigate the 
mechanism for sensing and self-repairing the genetic damage by oxidation from 
intracellular chemistry or extracellular ionizing radiation. Then more interests were 
focused on the electron or hole migration between the donor and acceptor complexes 
along DNA sequences. As measured with electrochemical methods, the electron 
transfer along DNA show very high and distance-independent rates 75, 87-89. Several 
mechanisms were proposed for explaining DNA-mediated charge migration, 
depending on the energetics of the base sequence and on the overall structural aspects 
of the system. These mechanisms include single-step superexchange74, multi step hole 
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hopping 90, phonon-assisted polaron hopping 14, and polaron drift 15. Since the charge 
migration along DNA was well testified and the results were inspiring, the question 
whether such charge motions are capable of inducing large enough currents for direct 
charge transport measurement was brought out. The above advances also drove the 
interest in DNA molecules for nanoelectronics, in which field, by virtue of DNA’s 
sequence-specific recognition properties and related self-assembling capabilities, they 
might be employed to wire the electronic materials in a programmable way 91, 92. This 
research path led to a set of direct electrical transport measurements. 

In this section，we first elucidate how the problem is formulated within the 
“solution chemistry” community (section 1.3.1), so called charge migration 
measurement, followed by the methods used within “solid state” community (section 
1.3.2), so called electrical conductance directly measured with electrodes. Despite so 
many experimental efforts, at present there is still no unanimous understanding of its 
electrical behavior and of the mechanisms that might control charge mobility through 
the molecule. 

 

1.3.1 DNA mediated charge migration 

The experiments in solution, based on electrochemistry techniques measure the 
electron-transfer rates between a donor and an acceptor as a function of the 
donor-acceptor distance and of the interposed base sequence. Basically, DNA 
molecules are doped (oxidized or reduced in chemical termination) by either physical 
or chemical ways, such as exposition to radiation or an oxidizing agent. Usually 
guanine bases are oxidized because it is most easily to be oxidized among the four 
kinds of bases. This process is called radical cation (hole) injection. Then the hole is 
migrated along DNA to the next easily oxidizable site by a mechanism either 
‘hopping’ or super-exchange. This process is called charge (hole) migration. The 
migrated cation could activate a reaction-induced cleavage of the DNA, which could 
be detected by biological methods such as gel electrophoresis. 

The results from this kind of measurements are an ensemble average over a 
large number of molecules. The interpretation is generally given in terms of the 
change of localization site for the hole. The inherent structure of the molecule is 
compromised by the transfer process, in the sense that the charge state at distinct sites 
along the helix before and after the hole migration is different. The work by 
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Hendersen et al. demonstrated that long-range charge transfer in DNA fall 
exponentially with distance and can extended to 20 nm 93. However, Giese et al. 
showed experimentally that the rate of charge transfer between two guanine bases 
decreased with increasing separation only if the guanines are separated by no more 
than three base pairs. The interpretation of these experiments also remains ambiguous.  

For comparison, the experiments in the solid state based on direct electrical 
transport measurements reveal the electric current flux through the molecule under an 
external field. The results pertain to single molecules (or bundles) and can be 
re-measured many times. The roles of the donor and of the acceptor in the charge 
migration experiments are played either by the metal leads, the substrate or an 
imaging metal tip in this case. The interpretation is generally given in terms of 
conductance, determined by the electronic energy levels or band-structure. The donor 
and the acceptor are reservoirs of charges that allow the charge state unaltered along 
the helix. The conductance result depends on the availability of electron states, on 
their filling, and on the alignment to the Fermi levels of the reservoirs. 

Anyway, in both the indirect and the direct transport measurements, the 
electronic structure of the investigated molecules is always important. In charge 
migration, it determines the occurrence of direct donor-acceptor tunneling or of 
thermal hopping of elementary charges or polarons. Alternatively, in direct electrical 
transport measurements, where charges are available in reservoirs (the metal 
electrodes), it makes a difference if there is a continuum of electron states or discrete 
levels in the molecular bridge that are available for mobile carriers. For the ideal case 
of ohmic contacts, a continuum in the molecule will be manifested in smoothly rising 
current-voltage curves, whereas for discrete levels the measured I-V curves will be 
step-like revealing quantization. 

 

1.3.2 Direct electrical transport measurement in DNA 

The question whether DNA is an insulator, a semiconductor or a metal is often 
asked. This terminology originates from the field of solid-state physics where it refers 
to the electronic structure of semi-infinite periodic lattices. It is even successfully used 
to describe the electrical behavior of one-dimensional wires like carbon nanotubes, 
where a coherent band structure is formed. 

However, in DNA molecules, which are one-dimensional soft polymers with a 
large number of sequential segments, the number of junctions and phase-coherent 
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“islands” is large and may determine the electronic structure and the transport 
mechanisms along DNA. In some cases it may be those junctions that constitute a 
bottleneck for the transport. They will determine the overall electric response of DNA, 
in spite of suitable energy levels and/or “bands” in the islands that connect those 
junctions. This would lead to the expectation of Anderson localization of the 
electronic states in the base pair stack. In the case of a strong coupling between the 
islands along the polymer, a complex combination of the molecular electron states and 
of the coupling strengths at the junctions will determine the electrical response. As a 
result, it is questionable for the notion of insulator, semiconductor or metal to well 
describe the orbital-energetics and the electronic transport through DNA molecules. 

 

1.3.2.1 Summary of experimental results of direct electrical transport 

measurement on DNA 

Many works have been published since 1998 describing direct electrical 
transport measurements conducted on DNA molecules43, 65, 91, 92, 94-101. In such 
measurements one has to bring (at least) two metal electrodes to a physical contact 
with a single molecule or molecule bundles, apply a bias voltage and measure current 
(or vice versa).The experimental results from different groups are summarized in 
Table I. The details of a few selected experimental works will be discussed in the 
following. As a conclusion, we find a large variety in the results of reported 
experiments. The purpose of this section is to find a clue for the common nature of 
DNA transport property from these divergent experimental results. 

Items in Table I were listed according to the publication time. Those transport 
measurements report contradictory results for the conductance behavior of DNA. 
However, we can categorize these works according to some particular experimental 
parameters, such as the different species of DNA, environment and the experimental 
methods. 
 

1.3.2.2 Length dependence 

One consistency of the results is that the charge transport through single long 
DNA (>40 nm) is apparently blocked, especially when the molecules are attached to a 
surface. The first direct electrical transport measurement was performed on a single 
16 μm λ-DNA, by Braun et al91 in 1998. In this work, there was no observable current 
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through the molecule with bias voltage up to 10V. Similar results were measured later 
from the work of de Pablo et al.43, Rakitin et al.102, Storm et al.97, Zhang et al.95, 
Hartzell and McCord et al.103, 104and Hong et al.105. Sequences of the DNA and other 
conditions used in those experiments were different. In the work of Strom et al.97, 
DNAs (> 40 nm) with various length and sequence compositions were positioned on 
the surfaces between two planar electrodes in various configurations. No current was 
observed. This can compare to the experiment performed in the same lab in 2000 by 
Porath et al.65, who measured the 10.4 nm long homogenous single ploy(G)-poly(C) 
DNA. The molecules were trapped between two Pt electrodes, the measurements were 
ranged from room temperature down to 4K, nA range current was observed beyond a 
threshold voltage of 0.5V-1V. Comparing those works we can conclude that charge 
transport through DNA molecules longer than 40nm is blocked.  

The length dependence of DNA conductance is investigated by many groups 
(Watanabe et al.99, Xu et al.106, Wirzibinsiki et al.107) as well. Give the different 
conditions of these works, similar results are obtained: the shorter the length, the more 
conductive the DNA, if the sequence is more than 8 base pairs long. 
 

1.3.2.3 Conductance measurements of DNA bundles and networks  

Compared to single DNA molecules, bundles and networks seem to be more 
conducting. Fink and Schönenberger et al.96 reported the first work dealing with this 
question in 1999. The samples were bridged across about 2 μm wide holes in a 
metal-covered transmission electron microscope grid, the system was kept in high 
vacuum and the DNA was doped by a low-energy electron point source. The actual 
measurement was performed between a tungsten tip and the metal covered TEM grid. 
Ohmic behavior with resistance in the MΩ range was achieved in bundles of doped 
λ-DNA (Length 600-900 nm). Similar results reported later by Yoo et al.23, Kasumov 
et. al. (in 2001108 and in 2004109), Hartzell and MoCord et. al. 103, 104, Terawaki et. al. 
[19] and Hong et. al.105, with special or random DNA sequence, doped or un-doped 
molecules and various measurement conditions. Especially in the works of Kasumov 
et al.98, the ohmic behavior of the resistance of few λ-DNAs (500 nm length) was 
reported. The DNA molecules were deposited on a mica surface and bridged between 
Re/C electrodes. The temperature was controlled from RT down to 1K. Below 1K, 
proximity induced superconductivity was observed. However, no similar result was 
reported later by this or any other group. 
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1.3.2.4 Sequence dependence  

Another important parameter that may effect DNA conductance is its sequence. 
DNA samples with homogeneous sequences were suggested to have better 
conductance according to theoretical works4, 29-35 59, 68 69. The first experimental results 
about conductance of homogeneous DNA was published by Porath et al.65. Some 
details of this experiment have been discussed before. Additionally, an enzyme that 
specially cuts DNA was applied to verify the results and ensure their validity. Other 
works about the sequence dependence is published by Cai et al.110, Yoo et al.23 Tanaka 
et al.111, Xu et al.106, and Zalinge et al.112. The DNA in these experiments varied in 
length, sequence homogeneous or inhomogeneous, temperature and other conditions. 
Consistency of these published results is that G-C base pairs contribute more 
conductance than A-T base pairs.  
 

1.3.2.5 Conformation dependence 

Specifically, the experiments by Kasumov et al. 109 show that the interaction 
between DNA molecules and the substrate is a key parameter that determines the 
conducting or insulating behavior of DNA molecules. The surface force field can 
strongly deform the DNA molecule. This is also manifested in AFM imaging, where 
the measured height of the molecule is smaller than its “nominal height”113. This kind 
of deformation when DNA is positioned on a surface may be a reason for blocking the 
current along the molecule. Together with other works using different DNA binding 
protocols (free hanging DNA, surface bond DNA on mica, SiO2, or functionalized 
substrate), the results support this conclusion. Another important characteristic of 
DNA molecule is its remarkable expansibility when it is stretched due to the 
conformational change from the B conformation to the S conformation 114. This 
conformation change has been suggested by studying the force-distance curves and by 
simulations, however, its effect on DNA conductance has not been studied 
quantitatively. Therefore, a controllable method combining control of mechanical 
stress of the DNA molecule and electrical measurement is essential for studying the 
mechanism of charge transfer through DNA. 
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1.3.2.6 Coupling to the electrodes 

A key experimental challenge in measuring DNA conductance lies in the 
attachment of a DNA bundle or single molecule to the electrodes. This has been made 
possible largely due to advances in nanotechnology. Electron-beam lithography is 
used to fabricate nanoelectrodes, atomic force microscopy (AFM) and low energy 
electron point source (LEEPS) microscopy are used to image the sample, and 
scanning tunneling microscopes (STM) can be utilized to induce a tunneling current. 

In order to attach single DNA molecules to metal electrodes, a DNA 
oligomer-based ‘‘gluing’’ technique was developed in which sticky ends of DNA 
(single stranded ‘‘overhang’’ regions) are hybridized to short surface-bound 
oligomers 103, 104, 115. Similarly, DNA modified with thiol (SH) groups at the 5-ends 
can directly hybridize on gold or platinum electrodes 97. Another method of aligning 
DNA molecules between the leads is called ‘‘electrical field trappings.’’ An electric 
field between two electrodes polarizes a nearby molecule in a droplet of DNA 
solution, which is then attracted to the gap between the electrodes owing to the field 
gradient (Porath et al.,65; Cai et al.,116). 

Recently，Cohen and co-workers developed a method to chemically bind two 
ends of DNA molecules (26 bp) to a metal substrate and a gold nanoparticle (GNP). 
The authors then measured the current through DNA molecules with a conductive 
atomic force microscope (AFM) tip. They claimed that the observed signal was from 
a hybridized molecule. There are several doubts about the measurement technique. 
First, there is a possibility of a tunneling current between the GNP and the gold 
substrate which are placed in a very close proximity of less than 5 nm. Second, the 
attachment of a single complementary strand to the GNP (10 nm diameter) and the 
charge transport through a single molecule in the presence of a packed monolayer of 
ssDNA on the gold substrate are indeed questionable. In addition, the high intrinsic 
conductance of buffer (TRIS, Tris(hydroxymethyl)methylamine) could overestimate 
the native electrical properties of DNA. 

Nowadays a promising method is to use carbon nanotube (CNT) as electrodes to 
measure DNA conductance. The advantage of this technique is the formation of a 
covalent bond between each terminus of a DNA molecule and the functionalized end 
of a SWNT (single wall carbon nanotube) electrode. Establishment of a strong 
electronic coupling between the trapped DNA molecule and the CNT nanoelectrodes 
facilitates the charge transport through the system without the Coulomb blockade 
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effect.  
In the work published by Watanabe et al.99, a short, single DNA molecule was 

laid on the surface and contacted with a triple-probe AFM consisting of 3 conductive 
CNTs. Two of them, 20 nm apart, served as source and drain terminal while another 
one served as a gate electrode, so that the current on the DNA length could  be 
measured under a bias voltage (~2 V). A clear variation of the current due to the effect 
of the gate electrode, reproducibly forwards and backwards, is observed117.  

Recently, Roy et al. 118 reported measurements of a single free-hanged DNA 
between a gap (about 27 nm) of SWNTs. In this method, dsDNA had about a 25-40 
pA current (resistance is around 10GΩ, at 1 V), acting as a p-type channel, which 
could be checked with the gate voltage. In contrast, ssDNA carried a faible current of 
about 1 pA or less. 

From these excellent works, it is clear that the connection between DNA and 
the electrodes have great influence on the measured conductance. Scientists are trying 
many different ways to achieve not only stable binding between them but also good 
electrical coupling. However, there is still no general methods which has been proved 
to be successful. This leads to a motivation of our work, as will be discussed in 
section 1.4. 
 

1.3.2.7 Temperature dependence 

Temperature could also play an important role in the conductance of DNA. In the 
work of Roy et al. 118, as we discussed before, the temperature dependent conductance 
of DNA showed a phonon induced conducting mechanism and an dsDNA melting 
effect. Another measurement carried out by Iqbal et al.119 with an 18-base thiolated 
dsDNA in vacuum conditions between two Au electrodes. In this work, a dramatic 
decrease in conductance was observed after temperature increased from 300 to 400 K. 
The conductance measurements by Tran et al.22 and Yoo et al.23, showing a strong 
temperature dependence at high temperatures and a weak temperature dependence at 
low temperatures, were explained by Yu and Song 120 and Cizek et al.27. They 
suggested activated hopping between neighboring bases at high T and variable-range 
hopping at low T, which gives good agreement with experiments when combined with 
thermal structural fluctuations. On the contrary, a different result was reported by 
Zalinge et al.112 on thiolated Poly(G)-Ploy(C)15 and Poly(A)-Ploy(T)15 DNA sample. 
The conductance measurements were carried out between a gold tip and a Au(111) 
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electrode from room temperature to 70 0C in ambient conditions. The resistance was 
about 2GΩ and independent of the temperature. They explained the differences to the 
other works in that the medium has a great influence on the temperature dependence 
of DNA conductance. Moreover, their experimental result was consistent with the 
computations presented for the valence-band transmission spectra. By assuming a 
speed of sound in B-form DNA of 1900 ms-1 and a lattice constant of approximately 
0.34 nm, the Debye temperature is estimated as 166 K. For this reason, DNA acoustic 
modes will significantly affect the conductance at low temperatures, but at room and 
higher temperature this effect will have no noticeable temperature dependence. 

1.3.2.8 Humidity dependence  

Terawaki et al.121 reported conductance of a DNA network in varying humidity. 
They used a PCI-AFM (point-contact current-imaging atomic force microscope) tip as 
one electrode and Au on mica surface as another electrode. The distance between the 
electrodes was about 100nm and the DNA networks lied on the mica substrate. The 
measurement was carried out at room temperature with controlled humidity. Under 
dry conditions (0 % humidity), no difference was observed for the electrical current 
both of the DNA network and mica surface, whereas the electrical current along the 
DNA network was larger than that of the mica surface by 20 pA (resistance was about 
200 GΩ at a bias voltage of 5 V under high humidity conditions of 60 %). 

Moreover, in the work by Roy et al.118, as we discussed before, the resistance of 
DNA was higher in vacuum than in ambient (higher humidity expected). From the 
works we can see that the conductance increases with humidity for both single DNA 
and large DNA networks. The reason of this increase needs more discussion. It could 
be due to the structure changes of DNA in different humidity according to theory and 
other experiments. It could also be due to the contribution of the counterions or the 
water around the DNA in high humidity. 
 

1.3.2.9 Effects of counterions and solvent shells  

The experiment in solution should be conducted to study counter-ions and 
solvate shells effect on DNA conductance. In the work of Xu et al.106 and Tran et al.22 
in which measurements were performed in phosphate buffer solution (100mM 
NaCl+10mM phosphate buffer, pH 7.0) ore lyophilized buffer (1mM tris-HCl, 1mM 
NaCl, 1mM EDTA, pH 7.5), the lowest resistance was measured compared to other 
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experiments, seeing from the Table I. The extremely high conductance can be 
assumed from the contribution from the counterions or the solvate shell around 
molecules. More detail of these works will be discussed in chapter 4. 

1.4 Motivation and our work 

1.4.1 Summary of former work  

From the experimental works published before, we found a large variation in the 
results of the reported experiments, although most of them have been done by 
excellent scientists in the leading laboratories. Here, we list main factors that 
influence the DNA conductance in experiment, and we attempt to separate the sources 
of experimental uncertainties into these categories: 
• Differences in the DNA molecules: 

DNA sequence;  
Length of the DNA molecule; 
Character of the DNA molecule (e.g., bundles vs single molecules); 

• Different environments around DNA molecules: 
Influence of water and counterions; 
Humidity, stretched state of DNA; 
Interfacial character, e.g. free-standing or surface-bound (such as on mica or 
SiO2 surface); 

• Electrical coupling between the electrode and DNA molecule: 
The electrical-coupling strength between the molecule and the electrodes will 
determine whether a Coulomb blockade effect (weak coupling) or a mixing of 
energy states between the molecule and the electrodes (strong coupling) is 
measured. In the case of weak coupling, the size and chemical nature of the 
molecule between the electrodes will determine the relative contributions of 
Coulomb blockade phenomena and of the intrinsic energy gap of the molecule to 
the current-voltage spectra.  
Control of these variables above is very important to get the true conductance of 

DNA. Some successes have been achieved to control the differences in structure, 
environment and coupling with electrode of DNA. However, while some 
experimental parameters are rather well controlled, there are still other important ones, 
like how many DNA molecules are actually bridging the electrodes, which are not.  

Besides the contradictory results reported about the transport measurement with 
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DNA, more and more evidences accumulating from the direct electrical transport 
measurements show that it is possible to transport charge carriers along short single 
DNA molecules, DNA bundles and DNA networks, although the conductance from 
most experimental reports is rather poor. The motivation of this thesis is to improve 
the conductance of DNA-based nanoelectronic devices. 

 

1.4.2 Our work  

The challenge to improve measured conductance of DNA can be overcome in 
two ways, either to improve its bonds to electrodes or to improve its intrinsic 
conductance. In this thesis, we develop two strategies to achieve these goals.  

We improve the attachment of DNA molecule to the gold electrodes by changing 
the position of thiol-group on terminal bases. In the former work by Kang et al. in our 
group, measurements of the conductance through a single or a small number of DNA 
molecules was carried out using mechanically controllable break-junctions (MCBJs). 
The DNA molecules were terminated with thiol end-groups attached to the 5’ end of 
the terminal bases. This chemical adsorption ensures good mechanical coupling of the 
molecules to the gold electrodes, and thus mechanical stretching of the molecule is 
possible before the molecule–metal bond breaks. However, by this method, the 
electrons from gold electrodes are coupled to the sugar backbone of DNA, instead 
directly coupled to the nucleotide bases in which the π-π stacking occurs. We solve 
this problem by synthesizing new nucleotides with a thiol-end group attached to the 
5-position of terminal thymine bases. Synthesis of this new nucleotide and DNA 
samples are conducted by Bornemann et al. in chemistry department of our university. 
We verify its adsorption on a gold surface by fluorescence microscopy and AFM. The 
conductance behavior is characterized with MCBJ in water, ambient and vacuum. 
Detailed results and discussion about this part of work are shown in chapter 4. 

To improve its intrinsic conductance, we employed DNA G-quadruple instead of 
the double-stranded structure. Such constructions can offer an improved stiffness and 
electronic overlap that may enhance the conductivity of the molecules.  Details about 
G-quadruplex and its conductance measurement are shown in chapter 5. 

Before going into the measurement of dsDNA and G-quadruplex, in chapter 2 
the methods to fabricate the MCBJ and synthesis of all DNA samples are introduced. 
Moreover, test of the MCBJ in water and buffer solution is presented in chapter 3. The 
results provide a fundamental and solid background to use MCBJ for conductance 
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measurement of various DNA molecules.  
We end this thesis by a conclusion of DNA conductance based on our 

experiments and a prospect for further studies.  
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 Group DNA sample Electrodes Method Ions  Environment Results 
1 Braun et al. ( 1998) Single Hs-λ-DNA 

Length 16 μm 
Au Free hanging

(gluing 
technique) 

Na+ RT 
Ambient 

Yielded no observable current up to 10 V 
The resistance >1013 Ω 

2 Fink and 
Schönenberger et al. 
( 1999) 

Bundles of doped 
λ-DNA 
Length 600-900 
nm 

W tip and 
metal 

covered 
TEM grid. 

Free hanging  RT 
High-vacuum 

Ohmic behavior IVs, sustained up to 40 mV 
The resistance in the MΩ range 

3 Porath et al. (2000) Single 
homogeneous 

Poly(G)-Poly(C) 
Length 10.4 nm 
(30 base-pairs) 

Pt Free hanging Na+ 4K to RT 
Vacuum 

nA range current was observed beyond a threshold voltage of 
0.5-1V 
Resistances about 3 GΩ at 4 V 

4 Tran et al.( 2000) Super coiled 
λ-DNA 

none Microwave 
absorption 

 70K to 320K 
dry and in 
solution 

Hopping conductivity behavior 
At RT and ambient: 600 nm length yields a resistance about 100 
MΩ and 16 μm length yields a about 10 GΩ 
The overall temperature dependence suggested two contributions 
to the transport, a weakly temperature dependent response at low 
temperature and a strongly temperature dependent contribution 
at high temperatures. 
The magnitude of the conductivity at room temperature and 
above depends on the chemical surroundings of the double helix 
with a buffer environment leading to larger conductivity 

5 de Pablo et al. 
(2000) 

λ-DNA  
Length 70 nm. 

Au SFM on 
mica 

 RT 
Ambient 

The resistance is about 1 TΩ at 10 V 

  Doped λ-DNA Au SFM on  RT linear IV characteristic 

Table I 
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Length 70 nm mica Ambient The resistance is about 200 MΩ 
6 Cai et al. ( 2000) Net works of 

bundles 
Poly(G)-Poly(C)/ 
Poly(A)-Poly(T) 

50-250 nm 

Au SFM on 
mica 

 RT 
Ambient 

L=100 nm linear ohmic IV behavior.  
The resistance is about 10 GΩ at 4 V  
Clear length-dependent conductivity that was about an order of 
magnitude larger for the Poly(G)-Poly(C) than Poly(A)-Poly(T). 

7 Rakitin et al. (2001) λ-DNA /M-DNA 
Length 16 μm 

Au Free hanging Na+ RT 
vacuum 

Metallic like conduction through M-DNA (The resistance is 
about 200MΩ) in contrast, measurements on λ-DNA (The 

resistance is about 1 GΩ at 2 V) give evidence of semi- 
conducting behavior with a few hundred meV band gap. 

8 Storm et al. (2001) Single/small 
bundles of DNA 
mixed sequence  
/homogeneous 
Poly(G)-Poly(C) 
Length > 40 nm 
 

Pt/Au On SiO2 or 
mica surface

 

Mg2+ RT 
Ambient  

All are insulating 
The resistance is about 10TΩ at 10V. 

9 Yoo et al. (2001) Super-coiled 
Poly(G)-Poly(C) 

Length 1.7-2.9 μm 
Poly(A)-Poly(T) 

Length 0.5-1.5 μm

Au/Ti On SiO2 

Gate 
modulate 

 Low T to RT RT  
Linear Ohmic behavior with resistance about 1.5 MΩ for the 
Poly(G)-Ploy(C), much smaller than Poly(A)-Poly(T) 
Low T 
Semiconductor behavior with Poly(G)-Poly(C) exhibits p-type 
semiconducting behaviors,  while Poly(A)-Poly(T) does n-type 
ones 
 

10 Kasumov et al. Few λ-DNAs  Re/C On mica Mg2+ T< 1K Induced superconductivity  
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( 2001) Length 500 nm. 
11 Watanabe et al. 

(2001) 
Single DNA 

Length 2-20 nm 
CNT On SiO2 Na+ RT 

Dry N2 
atmosphere 

The current dropped form 2 nA (resistance is about 1GΩ) bout 
2 nm to less than 0.1 nA in the length rang of 6-20 nm at 2V 

12 Zhang et al. (2002) Hs- λDNA 
Length 16 μm  

Au On SiO2 Mg2+ 

TE 
RT 

High Vacuum 
Insulating behavior with R >> 10 TΩ at 20 V 

13 Hartzell and McCord 
et al.. (2003) 

 

Nicked /Repaired 
Hs- λDNA 

boundless 
Length 8 μm 

Au On SiO2 

Trapping 
process 

 RT 
Ambient  

Resistance is about 20 GΩ at 20 V 
The repaired DNA a close-to-linear IV characteristic. 
In contrast, the nicked DNA shows pronouncedly nonlinear and 
rectifying behavior, with a conductivity gap of ∼3 eV. 

14 B. McCord et al. 
(2003) 

 

Hs- λDNA 
boundless 
Length 8 μm 

Au On SiO2 

Trapping 
process 

  For either the disulfide groups were attached to the opposite 
DNA strands, or only one strand is attached, current–voltage 
characteristics are linear and do not reveal significant differences 
Resistance is about 1 GΩ at 20 V 

15 Tanaka et al. (2003) 
 

Poly(G)-Poly(C)/ 
Poly(A)-Poly(T) 
Length 17 nm 
 50 bases 

HOPG- 
Au 

cantilever 

On HOPG  Ambient 
and high 
vacuum 

Resistance of DNA Poly(A)-Poly(T) and Poly(A)-Poly(T) in air 
was found to be 1 to5 MΩ.  
In vacuum, the resistance of Poly(A)-Poly(T) was found to be 
0.1to 0.5GΩ 

16 Xu et al.. (2004) Single Hs- 
Poly(G-C) rich 
DNA 

(GC)4,5,6,8   

Au 
substrate 

–Au 
cantilever 

Free hanging Na+ In aqueous  
solution 

The measured conductance depends on the DNA sequence and 
length. For (GC)n sequences, the conductance is inversely 
proportional to the length. When inserting (A:T)m into GC-rich 
domains, it decreases exponentially with the length of A:T base 
pairs (m) 
Resistance of 8 base pairs is about 10 MΩ 
Linear IV behavior below 0.5 V 

17 Kasumov et al. Few λ-DNAs  Pt On NH3
+ from 0.1K to RT Strongly deformed DNA molecules deposited on a substrate, 
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(2004) Length 3 μm  Functionaliz
ed mica or 

un-functional
ized mica 
substrate 

vacuum whose thickness is less than half the native thickness of the 
molecule, are insulating, whereas molecules keeping their native 
thickness are conducting (the resistance is about 100 kΩ ) down 
to very low temperature with a non-ohmic behavior 

18 Xu et al. (2005) HS-DNA 
16-base pair 
 

STM tip 
and Au(111) 

substrate 

Isolated  
Or bundled 

K+ 

TE 
RT 

High vacuum 
the resistance is about 10G Ω 
the dsDNA molecules behave as an insulator at low bias, and 
that they can transport charge carriers beyond the threshold 
voltage 2V 

19 Terawaki et al. 
(2005) 

DNA net-work 
100 nm 

PCI-AFM 
tip to 
Au  

On mica 
surface 

 RT 
Different 
humidity 

Under dry conditions 0% humidity, no difference was observed 
for the electrical current both of the DNA network and mica 
surface, whereas the electrical current along the DNA network 
was larger than that of the mica surface by 20 pA (resistance is 
about 200GΩ at a bias voltage of 5 V under high humidity 
conditions of 60%. 

20 Iqbal et al. ( 2005) HS-DNA 
18-base 

Au 
electrode 

by electro- 
migration 

Free hanging
 

K+ Vacuum 
300K to 400K 

Before and after a temperature ramp from 300 to 400 K a 
dramatic decrease in conductance was observed. 
the dc resistance of dry DNA strands of the same length 
decreases with increasing guanine-cytosine content in the 
sequence with values ranging from 10M Ω to 2 G Ω. 

21 Cohen et al. (2005) Hs-DNA 
26 base pairs 

Au(111) 
and DNP 

conductive
AFM 

 

isolated  RT 
Ambient 

S-shaped current–voltage curves that show 
I >220 nA ( resistance is less than 10MΩ) at 2 V.  

22 Wierzibinsiki et al. Hs-DNA a gold STM Free hanging  RT Wide distribution of currents independent of the ds-DNA length. 
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(2006) Poly(G)-Ploy(C) 
8-14 base pairs 

tip and a 
Au(111) 
electrode 

aqueous solution
phosphate buffer

 

The lower currents are also observed for ds-DNA molecules 
containing a single CA base mismatch. 
Resistance is from 100MΩ to 1GΩ at 100mV 
 

23 Zalinge et al. (2006) HS- 
Poly(G)-Ploy(C)15

and 
Poly(A)-Ploy(T)15 

a gold tip 
and a 

Au(111) 
electrode 

Free hanging Na+ RT - 70 0C 
Ambient 

 

The G-C sequence gives a higher conductance than the 
equivalent length A-T sequence. 
Temperature-independent. 
Resistance is around 2GΩ 

24 Hong et al. (2008) Few DNAs 
0.4 and 1 μm  
random 

sequences 

Au/Pt Borosilicate 
glass 

 

 RT 
 Ambient 

 

The samples of DNA are excellent insulators; however, 
their impedances show strong frequency dependence in the range 
of 10 Hz–7.5 MHz.  
Favorable response in the gold electrodes is attributed to the 
higher ability of DNA molecules to bridge the narrower gold 
electrode gaps in contrast to that in the wider platinum junctions 

25 Roy et al. ( 2008) 
 

Single DNA.  
ssDNA/dsDNA 
80 base pairs 

complex base 
sequences 

SWNTs Free hanging 
Gate voltage

 

 Ambient /High 
vacuum 

dsDNA has about a 25-40 pA current (resistance is around 
10GΩ, at 1 V), acting as a p-type channel, 
with initial increase in current value (from 25 to 40o C) 
at the device temperature (50-700 C), diminishing current signal 
at a given voltage. 
Above the melting temperature of the DNA molecule (75.6o C), 
detectable signal 
ssDNA carries current of about 1 pA or less. 
Resistance is higher in vacuum than in ambient. 
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Chapter 2  
Experimental Methods 
 

2.1 Introduction to the mechanically controllable break 

junction (MCBJ) technique and our DNA samples 

 
We carried out the measurements of the conductance through a single or a small 

number of DNA molecules using mechanically controllable breakjunctions (MCBJs). 
This technique has been used to characterize atom-sized metallic contacts1 as well as 
current transport through single organic molecules2. The main advantage of this 
technique in the current context is its possibility of adjusting the separation of the 
metallic contacts at a precision of fractions of 1 Å. With MBCJs setup, one can 
change the length of the contacted molecule in a very controlled way and measure the 
conductance of the same molecule simultaneously. The details of the conductance 
measurement with MBCJs setup are introduced in the second section.  

In the other part of this chapter, we focus on the preparation of our DNA samples. 
The thiol end-groups for binding DNA to the electrodes have been firstly connected 
directly to the π electron systems of dsDNA and protected by a trimethylsilyl (TMS) 
group from oxidation. The methods to prove that this modification and protection 
work effectively for the stable binding between gold substrate and DNA molecule 
were carried out by fluorescence microscope and atomic force microscopy (AFM). 
Methods for preparing G-quadruplex samples are also described.  

At the end of this chapter, we discuss the setup for depositing the DNA onto the 
MBCJs. 

 

2.2 Conductance measurement system with MCBJs  
The pioneering work for exploring atomic sized contacts came with the invention 
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of the Scanning Tunneling Microscope (STM) by Binnig and Rohrer in 1983. At the 
same time Moreland et al. invented a “Squeezable electron tunneling junction”3 which 
resulted in the birth of break junctions after further development4. In 1992, 
Moreland’s breakjunction technique was improved further by Muller et al. in order to 
obtain clean and stable contacts 5. The technique was then named Mechanically 
Controllable Break Junction (MCBJ). In the following years many experiments were 
realized to study the interplay between quantized conductance and atomic structure 
6-10. In 1997 MCBJs were applied for the first time in the context of molecular 
electronics 11. Break junctions were employed to contact molecules because they 
allow a relatively simple fabrication of clean metallic contacts at the molecular size. 
Additionally the distance between the electrodes is adjustable and the system offers a 
high mechanical stability. These advantages lead to manifold use of the breakjunction 
for single-molecule measurements12-15. The principle of MCBJs setup will be 
introduced in this section followed by the fabrication methods of MCBJ electrodes. 
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Figure 2.1: a, Principle of the mechanically controllable breakjunction, with 
substrate thickness t, distance between counter supports L, free suspended length u , 
elongation of the free suspended length xδ , and movement of the pushing rod z∂ . b, 
Colored scanning electron microscope image of the bridge. c, Sketch of the breaking 
mechanism: 1 electrode substrate, 2 differential screws, 3 guiding rod, 4 counter 
bearing, 5 pushing rod. 
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2.2.1 MCBJ  
 
The principle of the breakjunction is rather simple. A metal wire with a 

constriction is fixed on top of an elastic substrate. Bending the substrate causes an 
expansion of the top surface. The metal wire can break at the constriction if the 
expansion is big enough. This results in two electrodes. Relaxing the force on the 
substrate, the electrodes can be brought back into contact. 

A picture of the entire installation of MCBJ is shown in Figure 2.1. In 
experiments, the metal bridge does not only need to be opened, but the distance 
between the bridge-ends needs to be adjusted with sub-nanometer precision. This can 
be accomplished with a purely mechanical setup as shown in Figure 2.1a. A sketch of 
a sample (an elastic substrate with metal on the top of it) in the center of the breaking 
mechanism is shown in Figure 2.1 b. In principle, a pushing rod at center bends the 
sample, which is held in place by counter supports at the ends. The bending transfers 
the vertical movement of the pushing rod zδ into a lateral stretching of the metal 
bridge according to zru δδ = , where the factor r is given by 

  2

6
L
utr =                                                    (2.1) 

 
Where, u is the free suspended length of the metal bridge, t is the substrate 

thickness, and L is the distance between the counter supports. Typical values for r 
range from 10-4

 to 10-5.  
The MCBJ setup contains two copper plates, as shown in Figure 2.1c. The 

sample is held in the upper copper plate. The pushing rod is fixed onto the lower 
copper plate. This plate is connected to the upper one by three smooth guiding rods 
and one differential screw. The lower copper plate contains a thread nut with a pitch 
of 0.35 mm, while the thread nut in the upper copper plate is cut with a pitch of 0.25 
mm. The threads of the differential screw are cut accordingly. Rotating the screw by 
one full turn therefore only raises the lower plate by the difference of the two pitches 
α = 100 μm. The differential screw is driven by a DC motor (Faulhaber MiniMotor) 
using gears with a reduction ratio Rmotor = 1 : 5490. The MiniMotor is controlled by a 
Faulhaber Motion Controller, Series MCDC2805. The Motion Controller is driven 
using a LabView program and can be positioned at exactly one thousand steps per 
turn. The continuous elongation uδ  finally causes the bridge to tear apart, resulting 
in a gap of width sΔ . The relation between the electrodes distance sΔ  and the 
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motor-step counts can therefore be finally written as  

1000
countsRrs motorα=Δ                                         (2.2) 

 

2.2.2 Electrode fabrication  

Here we introduce the fabrication of electrodes for MBCJ by nano-lithography. 
The fabrication of the electrodes started from polishing a bronze or steel wafer. The 
polished wafer is then coated by a layer of polyimide by spin-coating. Polyimide does 
not only serve as an electrical insulator and a smoothing layer, but also serves as a 
‘sacrificial layer’ in the subsequent etching process. On top of polyimide, two layers 
of electron beam resists, methyl-methacrylate-co-methacrylacid (MMA-MAA) and 
poly(methyl-methacrylate) (PMMA), are coated. These two resists differ in resolution 
and sensitivity when rinsed in suitable solvents, which are crucial during the 
‘developing’ step. Figure 2.2 a shows the stacked layers on the wafer. 

 

gold PMMA MMA-MAA Polyimide Substrate

a

d

b c

e f

gold PMMA MMA-MAA Polyimide Substrate

a

d

b c

e f

 
Figure 2.2: Steps to fabricate electrodes. a, three layers on the substrate; b, 

electron beam lithography; c, development of the electron beam resists; d, 
evaporation of the gold; e, lift-off of the remaining resist and the metal on the top; f, 
after etching with reactive ion plasma.   
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The patterns for electrodes are fabricated with lithography (Figure 2.2b) and a 
development step (Figure 2.2 c). With a scanning electron microscope (SEM), an 
electron beam illuminates predefined areas on the sample (Figure 2.3). The area 
contains two big squares (0.5 mm×0.5 mm) connected with a 50-μm-narrow bar. In 
the center of the pattern, there is a slim part as narrow as 100 nm, which is 
continuously increased to the width of the electrode (50 μm). The electron beam 
causes a breaking of chemical bonds of the resists, which can then be dissolved with 
certain solvents. After the development process, the resists on exposed areas are 
washed out by two different solvents, as shown in table II. The lower layer 
(MMA-MAA) is affected by the solvents more than the upper layer (PMMA). So, the 
profile shows an undercut shape, which is the decisive factor for the next step.  

In the next step, metal (Au) is evaporated onto the mask (Figure 2.2 d). Because 
the deposition metal atoms arrive from a well defined direction (perpendicular to the 
surface), the undercut in the profile causes a precise shadow. Thus, the gold on top of 
the resist has no contact to the gold in the ‘valley’, which will become the electrodes. 
During a lift-off, the remaining resists including the metal on top of them are 
completely removed by rinsing the sample in acetone (Figure 2.2 e). Only the metal 
electrode structure remains, which is insulated from the bronze or steel substrate by 
the polyimide layer. During etching, reactive ion plasma reduces the insulating layer, 
which is completely removed underneath the central metal wire. Thus, the wire finally 
becomes a self-supporting bridge. 

Once the sample is ready, wires must be attached to the big contact pads at the 
sides of the metal structure in order to integrate the sample into an electrical circuit. 
Kapton-insulated copper wires with diameter of 120 μm are used for this purpose. The 
Kapton at the end of the wires is removed using sand paper. The wires are glued to the 
contact pads with conductive epoxy glue. 

In our experiments, both steel and bronze wafers are used as substrate material. 
The steel wafer is harder than the bronze one. The advantage of the steel wafer is its 
large elastic limit which allows us to achieve larger distance between the electrodes. 
However, the disadvantage of steel wafer is that bending these substrates will put 
more pressure on the screws of both motor and sample holder (shown in Figure 2.1 c) 
than necessary for bending the bronze substrate. Anyway, both wafers have been 
sufficiently proved to be suitable for the MCBJs. 
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Figure 2.3: Patterns to be exposed to the electron beam, obtained from the 
lithography software in various magnifications.  

 
2.2.3 Calibrating the electrode distance 

The first step of the experiment is to know the size of the gap between the gold 
electrodes and the molecules. In principle, one can use the Eq. 2.2 to calculate the gap 
distance. However, the factor r can only be estimated roughly and varied from sample 
to sample. Therefore, another method is used to calculate the electrode distance from 
the motor position. The factor r is determined by the slope of the measured 
conductance-distance curves in air or vacuum with pure MCBJ (no molecules 
between the electrodes). In theory, the tunneling current between the two bare 
electrodes is given by: 
 

⎟
⎠
⎞

⎜
⎝
⎛−∝ DmUI φ*2exp

h
                     (2.3) 

 
where D denotes the electrode distance, m* = 1.1 me is the effective electron mass of 
gold, and φ is the work function of bulk gold (5.1eV). The calculation for the 
calibration factor finally results in: 
 

⎟
⎠
⎞

⎜
⎝
⎛−∝= Dm

U
IG φ*2exp

h
 



Chapter 2 Experimental methods 

45 

.*2ln constDmG +−= φ
h

                      (2.4) 

110 m1072.1*2ln −×−=−=≡ φmG
dD
dK

h
       (2.5) 

 
Possible values for the work function of bulk gold range from 4.3 eV to 5.1 eV. 
Studies indicate that values for φo and m* of nano-scale gold tips are similar to the 
values of bulk gold16. It seems therefore reasonable to use 5.1 eV as the work function 
here, because this is the upper boundary of the possible bulk values. In chapter 3, we 
will discuss the various work function values in aqueous solution and in vacuum in 
detail. 

The theoretical conductance-distance curve is compared to experimental curves 
in the tunneling region. The experimental curve is drawn with conductance versus 
motor position, whereas the theoretical one is drawn with conductance versus distance. 
Thus, the relation between distance and motor position can be obtained by making a 
linear fit through the experimental tunneling curve and dividing the slope of this fit 
result. 

Averaging over the slope of the experimental tunneling curves gives an 
experimental value for 
 

G
dCounts

dk ln≡                               (2.6) 

 
Dividing these two quantities k and K (from Eq. 2.5), one finally obtains a 

relation f for counts to electrode distance 
 

                   
K
k

dCounts
dDf =≡                                (2.7) 

 
 
2.2.4 Measurement circuits 
    The measurements are performed with a Sub-Femtoamp Remote SourceMeter 
from Keithley Instruments, Model 6430, controlled using a LabView program. A 
constant voltage is applied to the sample during opening and closing cycles. The 
voltage is set to 100 mV, and the maximum current through the sample is limited to 
10 micro-amperes, because higher currents might destroy the thin metal bridge or the 
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binding between the molecule and the opened bridge.  
 
The measurement setup has a limit leakage current of 10 fA. Its origin cannot be 

revealed unambiguously. Possible reasons are the ground loops or cross talk with the 
cables. This value can, however, be tolerated when assuming a highest resistance of 
DNA of about 1 TΩ (known from former measurement results, see chapter 1), 
corresponding to 100 fA at 100 mV. So, our setup is sensitive enough for 
investigating the current through single DNA molecules.  
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Figure 2.4: Sketch of the electronic circuits. The part surrounded by the light 

blue line sits in ambient conditions when depositing the molecules. In aqueous 
solution and in air condition it is placed for taking measurement. It is moved into a 
vacuum chamber when taking the measurement under vacuum condition. 

 

In order to protect the sample, two pre-resistors of 1 kΩ each are integrated into 
the HI (high) and LO (low) cables, respectively. Immediately before and after the 
sample two more 100 Ω resistors are placed in order to further attenuate possible 
peaks in the applied voltage, for example, when switching the measurement range. 
The breaking mechanical setup is decoupled from ground. Thus, a possible 
short-circuit between one of the contact pads and the mechanical setup does not affect 
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the measurement. 
 

2.2.5 Vacuum setup 
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Figure 2.5: Sketch of the vacuum system. The electronic measurement cables are 
not shown in this schematic for the purpose of clarity. The whole setup can be pumped 
to a moderate high vacuum (<10-7 mbar)  

 
As we mentioned in the first chapter, humidity is an important parameter for the 

conductance through DNA molecules. The different environment, aqueous solution, 
ambient and vacuum can be selected to compare the effect of humidity on the DNA 
conductance. In our experiment, the MCBJ should be put into a vacuum chamber in 
order to study the effect of environment on its electronic properties. In addition, the 
vacuum chamber also serves as an electromagnetic shielding box. It has been proved 
by plentiful measurements that the samples are safer in this chamber than in ambient 
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condition. Figure 2.5 shows the vacuum system we used. The main body sits on a 
turbo molecular pump with cooling water surround. The pressure is measured through 
a separate flange. Another flange is used for flowing in and out of gas, such as 
nitrogen. The breaking mechanism is on top of the main body and isolated electrically 
with a plastic ring, which eliminates ground loop current through these two systems. 
With this insulator ring the measurement setup achieves the same sensitivity as the 
one in ambient conditions for measuring molecular conductance. The whole setup can 
be pumped to a moderate high vacuum (<10-7 mbar). 

 

2.3 DNA sample preparation 

 
2.3.1 Modification of the DNA terminal 

For establishing specific binding between DNA and electrodes, modification of 
the DNA ends is necessary. In our experiment we used DNA with its ends modified 
with thiol functionalities. 

Usually, for modification, the end oligonucleotides of DNA are equipped with 
thioalkyl moieties at 5’ - or 3’- terminus. This method was used in many works 
studying DNA electronic transport. Although this method could lead to a stable 
binding of DNA to the metal electrode, it produces an unreliable electrical coupling 
between DNA molecule and the metal electrode. Thus, an improved thiol-gold 
binding protocol to improve the electrical transport through the 
electrode-DNA-electrode system is required.  

For the design of the thiol modified nucleosides, the applications for transport 
measurements should be kept in mind. The 5-position of thymidine is chosen for 
modification which is in close proximity to the π-system of DNA and also maintain 
accessibility over the major groove in double-stranded DNA. It was reported earlier 
that thioethers are sufficient for tightly coordinating to gold 17, 18 we continued our 
investigations for further improvement. In fact, using an entity with protected thiol- 
functionality turned out to be highly beneficial for handling the DNA samples. 
Scheme 2 shown in Figure 2.6 is a modified thymidine. It bears a trimethylsilyl 
(TMS)-protected thiol-moiety directly attached to the nucleobase. In another approach 
thymidine (Scheme 3 In Figure 2.6) is synthesized via the introduction of a thiophene 
moiety conjugated via an alkyne spacer to the nucleobase. Scheme 1 is the control 
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modification of thymidine with unprotected thiol end. All modifications and the DNA 
synthesis (also in the section 2.3.3) are carried out by Benjamin Bornemann and Zhuo 
Tang (Marx group, Department of Chemistry, University of Konstanz). 
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Figure2.6: The modification of thymidine. T is unmodified thymidine base, 1, 2 

and 3 are modified thymidine with bare thio moiety, TMS protected thiol moiety, and 
thiophene moiety attached to the 5 position of the base, respectively.  

 
Accordingly, six ssDNA (single stranded DNA) samples are synthesized for the 

investigation of immobilization on gold surface: 
ON1-a: 5’-CGT TGG TCC TGA AGG AGG AT 
ON2-a: 5’-CGT TGG TCC TGA AGG AGG AT*2 
ON3-a: 5’-CGT TGG TCC TGA AGG AGG AT*3 
ON1-b: 5’-FAM-CGT TGG TCC TGA AGG AGG AT 
ON2-b: 5’-FAM-CGT TGG TCC TGA AGG AGG AT*1 
ON3-b: 5’- FAM-CGT TGG TCC TGA AGG AGG AT*2 
Here, FAM denotes a fluorescent functionality (dye) to allow its observation 
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under a confocal fluorescent microscope. 
 

2.3.2 Investigation of the DNA immobilization on a gold surface 
To verify the possibility of the immobilization of our synthesized 

oligonucleotides on gold surfaces we performed microscopy studies. Atomic force 
microscopy and fluorescence microscopy as sensitive and straightforward tools are 
used to investigate the immobilization of modified DNA on a gold substrate. For 
fluorescence microscopy, identical gold patterns were produced by evaporation 
through a mesh with grid size 10 μm×10 μm and equal distance. The metal is 
evaporated with a thickness of 10 nm onto a glass substrate covered by a 2 μm thick 
polyimide layer. We chose this substrate system because glass as well as polyimide is 
transparent enough for transmission optical light. 
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Figure 2.7: Sketch of the fluorescence microscopy investigation. a, the substrate 
for fluorescence investigation. b, the incident laser transverses the glass-polyimide 
substrate and the thin gold patterns to the ssDNA samples. The emissive fluorescence 
comes from the FAM-dye of the ssDNA. c, the emissive fluorescence transverses the 
substrate and is reflected to the CCD camera, by a split. The immobility conditions of 
ssDNA on the gold films can be directly seen from the pictures collected by the CCD 
camera. In c, 1 is the substrate with ssDNA samples; 2 is the incident laser; 3 is the 
emissive fluorescence; 4 is the split, 5 is the CCD camera. 
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On the other hand electron-beam lithography - which is used for fabricating 
controllable electrode structures for the single-molecule transport experiments, works 
well on flexible metallic substrates covered by polyimide19. After breaking the 
vacuum and removing the mask a drop (10 μl) of DNA solution (10 μmol in TBE 
(Tris-Borate-EDTA) buffer) is deposited onto the substrate. Incubation continued for 
two hours before the substrate is rinsed with TBE buffer to remove the unbound 
molecules. Subsequently, we investigate the immobilization of the three species 
ON1b, ON2b and ON3b as described by fluorescence microscopy. The 
immobilization behaviors of the species ON1a, ON2a and ON3a on gold surface are 
investigated with AFM as well. All results above will be presented in chapter 4. 

 
2.3.3 Synthesis of the oligonucleotides for dsDNA and quadruplexes 

The synthesis included three steps20: 
1, DNA-synthesis by standard phosphoamidite chemistry;  
2, Purification by HPLC (High pressure liquid chromatography);  
3, Characterization by ESI-MS (electrospray ionization ion trap mass 

spectrometer).  
4, Incubation of the two single-stranded DNA samples with complementary base 

sequence to form double-stranded DNA. 
In order to improve the conductance properties, we selected the sequences for 

dsDNA samples as,  
5'-A CC CAC CCT CGC TCC CAC CCT*2-3’  
3'-T*2GG GTG GGA GCG AGG GTG GGA-5’ 

Here T*2 denotes the modified thymidine bases with TMS protected thiol- 
moiety on the 5'-position (Scheme 2 in Figure 2.6).  

As summarized in chapter 1, the theoretical work showed that the poly(G)-poly(C) 
base pairs are more conductive than poly(A)-poly(T) pairs. Thus, we select the 
sequences with more poly(G)-poly(C) pairs than poly(A)-poly(T)pairs (15:6).  The 
inset poly(A) or poly(T) bases are adopted here to avoid the ssDNA folding by itself 
to other structures like G-quadruplex. The DNA we used was only 21 base-pairs and 
7.1 nm long. Since the flexual persistent length of dsDNA is about 50 nm, our 
samples have a linear and stiff structure. 

The oligonucleotide for the G-quadruplexes was synthesized by the same 
methods as dsDNA and mass spectroscopy has been applied to verify the integrity of 
the oligonucleotides. The sequence of the oligonucleotides for the G-quadruplexes is, 
5’-T*2GGG TTAGGG TTAGGG TTAGGG T*2-3’  



Chapter 2 Experimental methods 

52 

As control, another 22mer oligonucleotide was synthesized by the same method 
but all the guanine bases were replaced by cytosine. The sequence of the control 
sample is,  
5’-T*2CCC TTACCC TTACCC TTACCC T*2-3’ 

The control sample will be single-stranded form unless it is in a very low pH 
solution21. In our experiment, we use buffer solution with a pH value about 7.0 to 
keep it in single-stranded form. 

As for dsDNA sample, T*2 are thymine bases that contain protected thiol groups 
on its 5' position, which is directly connected to the π-system of the nucleobase to 
allow binding of the oligonucleotide to gold electrodes 20. 

All the molecules above were dissolved in pure water (100 μM) and kept in the 
refrigerator (-20°) before the conductance measurements. 
 

2.3.4 Deposition of DNA onto MCBJ 

 
 
Figure 2.8: The deposition setup for the experiments of electronic conductance 

measurement. The PDMS-coated pipet approaches the substrate which is held by the 
pushing rod. In the photography, the counter supports and the electrical contact 
clamps are also visible. In this setup, the current can be monitored during the 
deposition process. 
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The molecules to be investigated must be attached to the gold electrodes in some 
way. This is achieved by the high chemical affinity of the molecules’ thiol ends to the 
gold leads. A pipette is used to apply the molecules in solution onto the leads, as seen 
in Figure 2.8. It surrounds both electrodes at the same distance. The outlet of the 
pipette is coated with a ring of PDMS (Polydimethylsiloxane), a transparent, elastic 
material which is highly resistant against the solvent THF. A special device was 
designed to adjust the size of the PDMS gasket to the diameter of the outlet. The 
PDMS easily adapts to the substrate surface such that the solution does not flow out of 
the pipette. At the same time, the soft PDMS prevents the delicate gold conductors 
from being scratched or destroyed by the glass pipette. On the other end of the pipette, 
there is a big column of water. In this way, the saturated steam between the buffer and 
the water column remains to prevent the evaporation of buffer from the topside. This 
simple liquid cell facilitates measurements in solvents without the water being 
evaporated. This limits to the measurement time to a few (40 to 110) opening and 
closing curves. Otherwise, the small quantity of solution (buffer) applied on the 
electrodes will eventually evaporate.  

A specially designed pipette holder is integrated into the mechanical setup. The 
holder is mounted on a stage which can be moved in a horizontal plane. This permits 
accurate positioning of the pipette over the break junction. The pipette holder itself is 
connected to a vertical manipulator that allows the pipette to be carefully lowered 
onto the breakjunction. 
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Table II Summary of the sample preparation process including detailed 
parameters 

 
Process step  Device/Tool  Parameters  
Polishing the wafer  sand paper  until surface gleams  
Cleaning  ultrasonic bath  a few minutes in acetone,  
  a few minutes in IPA  
Drying  hot plate  1 min at 100 °C  
Insulating layer:  teflon spatula  applying polyamide  
polyamide   ‘Durimide 115 A’  
Spin coating  spin coater  30 s at 300 r/min,  
  90 s at 5000 r/min  
Pre-bake  lab oven  5 min at 130 °C  
Hard bake  vacuum hot plate  90 min linear warm-up to  
  400 °C for 30 min  
Drying  hot plate  1 min at 100 °C  
Lower resist:  spin coater  4.5 s at 400 r/min,  
MMA-MAA   90 s at 2500 r/min  
Short bake  hot plate  5 min at 100 °C  
Upper resist:  spin coater  4.5 s at 400 r/min,  
PMMA   60 s at 5000 r/min  
Bake-out  lab oven  30 min at 170 °C  
Cutting  cutting device  19 × 4 mm2 samples  
Exposing  scanning electron  Filament current 1.43 A,  
 microscope  details in section 3.2.5  

in 1:3 MIBK:IPA  20 s  Developing  
in IPA  120 s  

Evaporating  evaporation chamber  80 nm gold  
  at 10−9-10−8 mbar  
Lift-off  hot plate  30 min in acetone at 60 °C  
Etching  reactive ion  35 min O2 plasma, 50 W  
 etching machine   
Attaching contact  Epo-Tek H20S  drying 5 h  
wires  silver-epoxide  on hot plate at 60 °C  
MMA-MAA  poly(methyl-methacrylate-co-methacrylacid)                     
PMMA  poly(methyl-methacrylate) 
MIBK  methyl isobutyl ketone 
IPA  isopropanol 
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Chapter 3  
Transport measurements in aqueous 
solution 

 
DNA is a biologically relevant molecule and it naturally exists in aqueous 

solution. Its structures, as well as its mechanical and electrical properties, are strongly 
dependent on the surrounding environment, such as humidity1. Normally a 
B-conformation dominates when the DNA is in aqueous solution. While when almost 
all water molecules are squeezed out in low humidity environment, the structure 
changes to A-conformation, in which the electrostatic interactions become very strong 
and the charge density increases by almost 30%.1 So, it is highly desired to measure 
its transport properties in buffer solution not only to preserve its native conformation, 
but also to compare the conductance character with the results obtained in dry 
condition. 

Before measuring the conductance of DNA in buffer solution, knowledge about 
the conduction of aqueous buffer is required in order to get the intrinsic transport 
properties of DNA. We need to find the tunneling region of MCBJ in aqueous 
solution, i.e., ranges of the bias voltage and distance between electrodes, in which 
region the tunneling current is the dominating mechanism for charge transfer and 
other irreversible effects such as electrochemical effects are negligible. Only in that 
region, we can directly measure the conductance of single DNA when the molecule 
binds between the electrodes. 

However, the electrical conductance of water, the most normal solution, is a 
basic but still open topic without being fully understood. In this chapter, we first 
summarize the former experiments and theories about conductance of water (or called 
aqueous solution) (section 3.1). Then, our results are presented (section 3.2) using 
MCBJ to investigate conductance behavior between the small gap of two symmetric 
electrodes in aqueous solution, which was rarely carried out before. The MCBJ 
provides a new method to measure the tunneling probability at the solid/liquid 
interface, which is important in the STM and SECM (Scanning electrochemical 
microscope) experiment. 
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3.1 Former work about charge transport in aqueous solution 

 
In this section, we first discuss the different effects contributing to the 

conductance of aqueous solution, together with the typical current amplitude from 
these effects. After a list of various methods to investigate the conductance of water, 
we summarize the theoretical and experimental works related to our experiments. 

In solution, several sources of current contribute to the conductance:  
First one is ion diffusion, which is dependent on the ion concentration, including 

H+ and OH-. Typically, in water obtained from Milli-pore water machine, which is 
believed to be free of salt ions, the resistance of unit square area per distance is about 
18.2 MΩ cm at 25°C. 

The second is Faraday’s current which contributes by electrolysis of water. In 
pure water, the theoretical electrolysis voltage is about 1.23 V at 25 °C. Above this 
voltage, Faraday’s current is measurable. In experiment, Faraday’s current can be  
lower or higher than the theoretical results, highly depending on electrode 
conformation. The SECM (Scanning electrochemical microscope) principle mainly 
relies on the Faraday’s current, using a reference electrode 2. 

The third one is the polarization current, which originates from the polarization 
of water molecules in external electrical fields. Re-arrangement of water molecules at 
charged, aqueous interfaces was evidenced by x-ray scattering3. This polarization of 
water molecules in the electrical fields is adopted to explaining the Non-exponential 
tunneling in water near an electrode4, 5. 

The last one is the tunneling current. This effect only happens between electrodes 
with very small distance. According to the tunneling theory, the tunneling current is 
exponentially attenuated with the distance. At large distance in pure water, the 
tunneling current is overcome by Faraday’s currents. Additionally since the lowest 
excited electronic state of water is about 6.7 eV, the bias voltage between the 
electrodes should be lower than 6.7 V in order to measure the tunneling current. 

The traditional method at macro scale to measure the conductivity of water is 
called “Bulk measurement” using two planes as electrodes. Nowadays studies of the 
conductance of water at nano scale are realized by STM or SECM. These methods are 
not only applied for investigating the conductance properties of water but also to 
investigate the molecule’s structures in the aqueous solution. Recently, with the fast 
progress of nanofabrication and nano-characterization, nano-electrodes are also 
applied for the investigation of the conductance of water6. 

With these methods, many properties were revealed. Here we just show works 
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that are related to our experiment. With a STM system a non-exponential tunneling 
has been shown in water near the electrode. In another work exponential decay of the 
tunneling current was modulated with oscillations of a period of 0.35 nm. This period 
coincides with the theoretically predicted spacing of the interfacial water layers at the 
charged solid/liquid interface7. Recently, some works were reported using gold 
nano-electrodes.6 Random fluctuations in the tunneling current between two discrete 
levels was measured caused by random trapping or escaping of a single electron in or 
from a localized state in the tunnel gap. 

In other way, the conductance of water was also investigated with simulations 
and theoretical models, such as classical molecular dynamic (MD) simulations, 
quantum dynamical simulations, Green’s function and parallel wave-pack simulations. 
According to the theoretical results, the tunneling time of electrons in aqueous 
solution is about 1 fs, much less than the rearranging time of the liquid molecules, 
which is about 0.1 ps 8. Furthermore the tunneling current is weakly dependent on 
temperature9. Additionally the lower work function (0.8~2.5 eV measured by 
experiment) is attributed to the presence of intermediate tunneling states due to 
dissolved molecules at the solid/ liquid interface10, 11.  
 

3.2 Results and discussions 

 
3.2.1 Experiment process 

In our experiment, with the MCBJ setup, we measured both the open-close 
curves and also the current-voltage (IV) characteristics in aqueous solution (pure 
water and buffer solution). Since we measured IV curve in solution without a 
reference electrode, the electrochemistry effect (see below) was not negligible. So the 
linear IV behavior corresponding to the tunneling effect would be disturbed. The 
transition voltage, at which point the IV curves changed from linear to non-linear, 
would be lower than theory and than measured with reference electrodes at large 
electrodes distance. Based on these measurements, we calculated the work function 
(barrier height φ) of the gold electrode and found that it is lower in water than that in 
air. We also measured the histogram of conductance during breaking the junctions in 
buffer and in water for testing the quantity of atomic contacts of the break junction 
and confirming the reliability of our measurement system.  
 
3.2.2 Current-voltage characteristics 

As we mentioned before, there are several kinds of effects that contribute to the 
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charge transportation in water. Most of them are not reversible, such as the ion 
diffusion and Faraday current. These irreversible effects (we call it electrochemistry 
effects later) will disturb our molecular conductance measurement in several fashions.  
For the investigation of open and close curves, we want to apply direct transport 
measurements through the molecule instead of indirect electrochemical measurements 
during opening and closing the electrode 12. Furthermore, additional materials can be 
deposited on the electrode during measurement due to electrochemistry effects. Since 
our electrode is very sharp and the new material may have dramatic influences on the 
state of the electrode, including the binding of molecules to the electrode, the 
tunneling signal when the junction breaks, as well as on the stability of the 
measurement. An important way for estimating and investigating the conductance of 
molecules is the IV behavior, which directly reflects the electronic structure of 
molecules in dry condition. However, in aqueous solution with strong electrochemical 
effects, the non-linear IVs even without molecules between the electrodes will 
completely prevent the observation of charge transfer through the molecules. The 
higher the voltage is applied, the more electrochemistry effects will contribute to the 
conductance, and the more complex the system becomes. 

Usually, the reference electrodes are applied to reduce these electrochemistry 
effects. In our experiment, we only have two electrodes. So, selecting the appropriate 
parameters is more important and necessary. One parameter is the bias voltage of the 
two electrodes. We have discussed that the occurrence of electrochemical effects 
needs an electrolysis voltage about 1.23 V in pure water. In buffer solution, there are 
other salt ions inside and these ions shift the electrolysis voltage to a much lower 
value. Anyway, the lower the applied bias voltage is, the less the irreversible effects 
do occur, at the same time the more unstable the signal will get. Thus, our goals are to 
find the highest possible bias voltage while keeping the tunneling signal dominating 
charge transport.  

In order to find the best parameters, we scanned IVs at different electrode distance 
to check the linearity and repeatability of those IV curves. Figure 3.1 shows a 
selection of typical IV curves between the electrodes in TE (Tris-EDTA) buffer. For 
clarity, only four figures with the typical distance (0 nm-5 nm) between electrodes are 
shown. In our experiment, we found that when the bias voltage was lower than 200 
mV, IV curves were linear until the resistance reaches about a few GΩ, corresponding 
to 3 nm of the distance between electrodes. Upon increasing the distance, the lower 
was the bias voltage required to ensure the reversible and linear IV behavior. In 
another words, the larger the distance the more prominent were the electrochemical 
effects in the current. This conclusion is easy to understand since the tunneling signal 
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is exponentially attenuated with increasing the distance, while the electrochemical 
effects decay linearly. In the same way we have tested pure water from the milli-pore 
machine and the TE buffer solution, similar results were obtained. The results that the 
“safe voltage” of our experiment (200 mV) is much lower than the theoretical 
electrolysis voltage (1.23 V) is not unusual, since the sharp electrodes with small 
distance provide an enhanced electric field between them. 
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Figure 3.1: Typical IV curves in TE (Tris-EDTA，Ethylene Diamine Tetraacetie 
Acid) buffer solution. a and b are measured when the distance is smaller than 1 nm；c 
and d are measured with distance between 1 nm and 5 nm. a, linear behavior when 
bias voltage ≤ 400 mV; b the typical unlinear and hysteresis figure of the IV curves 
shows clear electrochemical effect when bias voltage ≥  400 mV. c, linear behavior  
when bias voltage ≤ 200 mV; d the typical unlinear and hysteresis figure of the IV 
curves shows clear electrochemical effect when bias voltage ≥ 200 mV.So, the bias 
voltage should be less than 200 mV, so called “safe voltage”, (we selected the bias 
voltage as 100 mV in the later open-close experiment) to avoid electrochemical effects 
and obtain a stable tunneling signal. 

 
3.2.3 High conductance regime (contact regime) 

In this section we introduce the open curves of the break junction before the 
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junction finally breaks apart, corresponding to the high conductance region, or called 
“contact regime”. In the typical open curves of a gold contact the conductance should 
decrease in discrete steps of multiples of G0 (conductance quantum), until the junction 
finally breaks apart 13. Several samples were measured in aqueous solutions compared 
with one sample measured in vacuum. For the measurements in the high conductance 
regime the junction was opened from its initial resistance value, about 50Ω. The 
conductance decreases as a function of the time while extending until the junctions are 
broken. The applied bias voltage is 100 mV. Fig. 3.2 a shows several typical 
conductance traces (normalized to G0) versus time in vacuum. The clearest plateau 
here is close to one G0 as expected for mono-valent metals and gives rise to a clear 
peak in the histogram shown in Fig. 3.2 c -black.  
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Figure 3.2: High conductance regime of break-junctions. a, typical open curves of 

a break junction in vacuum, focusing on the contact regime (G > G0); b, typical open 
curves of break junction in buffer solution, focusing on the contact regime (G > G0); 
The different noise levels in vacuum and in buffer solution are from the different 
measure velocity in these conditions. c, conductance histograms of four different 
junctions (the black histogram is the junction in vacuum (120 curves) and the colored 
curves are the different junctions measured all in buffer solution, about 20-40 curves). 
d, the results from the reference work14, in which we can find the shift of the peaks 
around 2 G0. 
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The same measurements were repeated in the presence of aqueous solution. Figure 

3.2 b shows conductance curves in water and Figure 3.2 c shows conductance 
histograms of four different junctions (the black histogram is the junction in vacuum 
and the curves in color are the different junctions measured in buffer solution. The 
second peaks are shifted from 2 G0 about -0.03 to 0.3 G0 to lower values. Looking at 
Figure 3.2 b carefully, we can find that the first steps around 1 G0 (one-atom junction) 
are also shifted to the larger conductance. But this shift is varied from junction to 
junction. Similarly, although there is no difference mentioned on the conductance 
histogram between in water and in vacuum (or in air) in the works of Grüter et al.14, 
we can also find the similar shifts of the peak position in the figures of their report, as 
see in Figure 3.2 d. 

The conductance shifting of the one or few atoms contacts is proposed as an 
effect of the counterions or water molecules around these one or few atoms. 

 
3.2.4 Tunneling regime (G < 0.1 G0) 

Since our motivation was to use the break-junctions as the electrodes, the 
tunneling regime is the most important in our works. According to Eq. 2.4 in chapter 2, 
the logarithm of conductance should depend linearly on the distance (also the motor 
counts or the time in our measurement, because of the direct relationship between 
them). This result has already been obtained in vacuum, in ambient and at low or 
room temperatures 15-18.  

But in aqueous condition, the tunneling current is not the only contribution to the 
conductance, as we discussed in the previous section. So, the conductance behavior in 
the so called “tunneling regime” is more complicate. 

Figure 3.3 shows typical resistance traces versus distance of a break junction in 
aqueous solution. We used TE buffer as the solution since the ions in TE buffer is 
useful to keep the B-conformation of the DNA structure stable. The ions in the 
aqueous solution enhance the influence of the ion diffusion effect in the conductance. 
As shown in Figure 3.3, the logarithm of the conductance has a linear relation to the 
distance of the electrode junction when the distance is smaller than 0.6 nm (region I). 
For larger distance, the current from the electrochemical effect plays the dominant 
role in the charge transport between the two electrodes, which happens not only at the 
very end of the tip but the whole gold electrodes. Therefore, the distance dependence 
of this signal is much less to that of tunneling current, which is exponentially 
attenuated with the distance. That’s why in region II, the resistance remains roughly 
constant versus the distance of the electrodes. Furthermore, because the IV curves are 
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linear and reversible when the scan voltage is below 200 mV, as discussed in the 
previous section, we conclude that no new material is deposited. The leakage current 
does not break the MCBJs. 

Since the DNA molecules we used are more than 1nm long, the d > 0.6 nm 
region is the most interesting region for us to investigate in detail. Although it is 
possible that the DNA molecules do not bind to the very end of the electrodes, making 
the binding of DNA to the electrodes possible even when the distance is less than 0.6 
nm, the tunneling signal of the metal electrodes in this case is so high that it might 
exceed the charge transfer mediated by DNA molecules.  
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Figure 3.3: Typical open (black) and close (red) curves of break junction in TE 
buffer solution. In the open curve, it is hard get correct distance between electrons 
from the motor counts. At later stage of the opening process, the resistance is 
increased to a certain plateau resistance (we call it Rp). Then the junction is closed 
(shown as the red curve). The resistance will not change until the distance is lower 
than 0.6 nm. When the distance is lower than 0.6 nm, the logarithm of conductance 
has linear relation to the distance of the electrode junction.  
 

These results are very important for the further measurement of DNA conductance 
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in aqueous solution. We can assume that if the conductance mediated by DNA is 
smaller than that of the electrochemical effect, the charge transfer signal will be 
covered by the one from the solution. On the other hand, if the conductance mediated 
by DNA is higher than that from the electrochemical effect in the buffer solution, it is 
possible to obtain useful signals in solution. This part of work will be discussed in 
chapter 4. 

As the principle of break junction, we can get the distance-counts relationship 
from the conductance vs. counts curve, from Eq. (2.5), given the work function. But 
the work function depends on the environment even for the same material. Many 
experimental and theoretical investigations suggest the work function of gold (bulk 
and nano tips) in aqueous solution is lower than that in vacuum10, 11. In this 
experiment we can compare the work function in different conditions from Eq. (2.5). 
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where K and k are the slopes in conductance vs. distance curves and conductance vs. 
motor-counts curves, respectively. φ0, K0 and k0 are the values in vacuum or air, while 
φ, K and k are values in solution.  It is also assumed here that the counts-distance 
relationship should be same for the same junction. So comparing the k values in 
different environment, we can get the comparative value of the work function in 
different conditions. 

We compare the slopes of logarithm in air condition and in water conditions, and 
found the obvious difference between them, as showed in Figure 3.4. Give the 
measured value k0 in air and k in water, 
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Here we assume φo, the work function in air, is 5.1 V the upper boundary of the 

possible values of gold in bulk. Obviously, the work function in water is lower than 
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that in air condition in our experiment. This result is coincident to the experiment and 
theoretical results of the former works 10, 11. We also compare the work function in 
solution in different bias voltage. It shows that the work function is independent to the 
bias voltage when the bias voltage is below 0.4Ｖ. 
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Figure 3.4: Logarithmic plot of closing curves in air (red) and in water (black) 
in the tunneling region, along with exponential fits used to estimate the 
counts–distance relation. Only two curves for each condition are selected here for the 
purpose of clarity. The dashed lines are linear fit of the curves. It is clear that the 
slope of the fit line in buffer solution is smaller than that in air with the same junction 
(s4-6). 

 
We should point out that this simple principle is not easy to carry out in our 

experiment. The mean difficulty is to measure the same junction in all conditions (in 
buffer solution, in air and in vacuum). The life time of one junction is not long enough 
especially in aqueous solution.  
 

3.3 Conclusion 

 
The “safe voltage”, which is about 200mV with the distance of electrodes less 

than 3 nm was checked. Under the “safe voltage” the IVs are linear and reversible. 
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The resistance-distance behavior in aqueous solution was also studied. Both are the 
pre-requisites for the subsequent DNA conductance measurement in MBCJ. A single 
or few atoms contact conductance value is obviously shifted in the histograms of open 
curves, comparing to the results in vacuum which is not shifted in our experiment. 
Furthermore, the work function in aqueous solution was investigated, by analyzing the 
conductance in tunneling region on close curves.  

The work function is found to be roughly a factor of 3 to 4 smaller than in air, in 
agreement with the findings of Grüter et al.14, in their research, the work functions in 
many kinds of liquid solution are smaller than in air and in vacuum condition . 
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Chapter 4  
Conductance measurement of dsDNA 
 

Double-stranded DNA (dsDNA) has been proposed to be used as building blocks for 
future nanoelectronics circuits, due to its unique one dimensional nanowire 
conformation and self-assembly ability. Conductance of dsDNA has been measured 
with different methods in recent years. However the results of those experiments 
remain controversial. It could be caused by the variety of sequences of DNA and its 
flexible conformation. Meanwhile, binding of DNA to electrodes is a factor that could 
have big effects on the measured conductance.  

Thiol-gold bonds are commonly used as the protocol to bind DNA to gold 
electrodes. To be immobilized on gold, DNA was modified with thiol functionalities. 
Usually, oligonucleotides are equipped with thioalkyl moieties at the 5’- or 3’- 
terminus. Thus, duplexes were equipped with thioalkyl functions and employed to 
form double-stranded DNA (dsDNA) bridges between two gold contacts. However, 
the measured conductance of DNA is low, most likely to be caused by poor overlap of 
the electronic orbital of the thiols with the π-system as well as unreliable or unspecific 
binding of the thiols to the metal electrodes. So, a new experimental protocol is 
desired to facilitate the electric transport through the electrode-DNA-electrode system. 
We proposed a method to synthesize new oligonucleotides that bear short thioalkyl 
functions in close proximity to the π-system of the nucleobase. These new synthesized 
oligonucleotides would also reinforce the binding between the S-Au systems so that 
reducing the conductive blocking on it. Fluorescence microscopy and AFM were used 
to prove the bindings of these oligonucleotides onto fresh gold surface. The results are 
presented in section 4.1 

Then we investigated the electronic transport properties of these dsDNA by 
MCBJ in solution, air and vacuum. Open-close curves in all conditions show good 
binding of the DNA to electrodes. The histogram of the conductance and the 
current-voltage (I-V) curves in vacuum indicate better conductance of our samples 
than previously reported. 

 

4.1 Verification of immobilization 
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Before measuring the conductance of our DNA samples with its ends 
functionalized with thiol groups with the new protocol, we need to verify that they can 
really bind to gold surfaces. We employed fluorescence microscopy and AFM 
investigations for this work. The detailed experimental method has been introduced in 
chapter 2. Here we show the results that suggest good binding of our sample onto 
fresh gold surfaces. 

 
4.1.1 Fluorescence microscope imaging 

 

ON2-b doesn’t bond to 
gold 

ON1-b control doesn’t 
bond to gold

ON3-b  bonds well to 
fresh gold

10 μm

a b c

 
Figure 4.1: Fluorescence microscope images of species ON1-b (a), ON2b (b) 

and ON3b (c) immobilized on fresh gold surface. All three samples contain a 
fluorescent dye at one end of the oligomers. The absence of contrast in image a and b 
reflects the fact that no chemical adsorption occurred, so, the molecules were washed 
away upon rinsing. 

 
We investigated the immobilization of the three species ON1b, ON2b and ON3b, 

which represent 20-base oligomers without functionalized thiol end, with the first 
kind of thiol end on 5-position and with TMS-protected thiol end, respectively (see 
Figure 2.6 in chapter 2). Figure 4.1 shows fluorescence pictures of immobilized 
oligomers deposited onto a freshly evaporated gold film. While there is little 
fluorescence contrast in Figure 4.1 a and 4.1 b, a strong fluorescence signal is 
observed from the covered metal structures in Figure 4.1 c, except for a few locations 
where optical contrast is low on the polyimide. This result clearly shows that ssDNA 
sample ON3b with TMSE-protected thiol end binds specifically onto the gold surface, 
while ON1b cannot bind to gold surface or absorbs unspecifically and was 
consequently rinsed away with the buffer. Sample ON2b with unprotected thiol ends 
shows only a very weak fluorescence signal which suggests that unprotected thiol 
ends are possible to be destroyed so that it cannot bind to gold surface. Another 
possible explanation for the lack of the optical signal in Figure 4.1 a and 4.1 b would 
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be a quenching of the fluorescence by the close vicinity of the metal layer. However, 
this possibility is ruled out based on the results of the subsequent AFM studies. We 
thus conclude that the difference in optical response is indeed due to the different 
immobilization of the species. 

 
4.1.2 Atomic force microscopy (AFM) imaging 

The results of the fluorescence microscopy studies are corroborated by AFM 
studies. A 200 nm thick gold layer was evaporated onto a fresh-cleaved mica substrate 
and the gold surface was glued to a steel substrate using double-sided scotch tape. We 
then stripped the mica off the gold using tweezers. This procedure results in a 
relatively smooth gold surface [0.4 nm roughness (RMS value) in an area 10 μm x 10 
μm]. Subsequently, a 10 mL droplet of each oligonucleotide in buffer (10 mM) was 
deposited. After 1 h the remaining solution was rinsed with water and the surface 
dried in a nitrogen stream. The rinsing is performed with pure water in order to avoid 
artifacts in the AFM images arising from residues of the buffer. The surfaces were 
investigated with AFM in the dynamic mode.  

The topographic information with a resolution of approximately 0.1 nm in height 
was gained, while the phase image gave contrast when material properties like 
elasticity or viscosity varied over the surface. Although the contrast mechanism is not 
fully understood, qualitative chemical information can be obtained1. For blank gold 
surfaces the maximum phase shift is smaller than 1 degree. Figure 4.2 a–c depict the 
phase and Figure 4.2 d–f the topography images of species ON1a, ON2a and ON3a 
(see Figure 2.6 in chapter 2). While the topography image of species ON1a is very 
smooth and could thus originate from a rather homogeneous molecular film, the phase 
contrast in image of Figure 4.2 a is very weak. Differently species ON2a and ON3a 
show pronounced phase contrast (up to 20 deg) and topography contrast (up to 1.5 nm) 
at the same positions, while no clear spatial correlation exists between the signals in 
the phase and height images of ON1a. We interpret the absence of a chemical contrast 
in Figure 4.2a as being due to the fact that the molecules ON1a have been rinsed away, 
in accordance with the fluorescence microscope result obtained with the species 
ON1b described above. So, we conclude that the un-thiolated oligomer ON1a does 
not bind chemically on the gold surface.  
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Figure 4.2: AFM phase-contrast images (left lane) and topography images (right 

lane) of species ON1a (a,d), ON2a (b,e) and ON3a (c,f) on gold surfaces. The black 
spots indicate areas without molecules. The weak phase contrast in image a) indicates 
the absence of molecules. The maximum height variation is 0.7 nm (image d), 1.4 nm 
(image e) and 1.2 nm image f). 
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The situation is different for molecules of the species ON2a and ON3a. Both the 
height and the phase image show black spots (low height and low phase shift) at the 
same location. The height difference between the black areas and the higher areas is in 
the order of 1.4 nm for ON2a and 1.2 nm for ON3a and thus smaller than the length of 
the stretched molecules (6 nm). We thus conclude that the TMS protected (ON2a) and 
thiophene-terminated (ON3a) molecules are lying flat or crumbled on the surface2. 
This is a consequence of the small stiffness of ssDNA which hampers brush formation 
even for high coverage. The phase shift difference is also about a factor of twenty 
larger than observed for blank gold surfaces and species ON1a. We note that the 
height images look similar for all species investigated, nevertheless clear differences 
are observed in the phase signals. The comparison of the results obtained for these 
three species underlines the importance of investigating more than one contrast 
mechanism when using atomic force microscopy. All immobilization investigations, 
that is, fluorescence spectroscopy as well as AFM have been performed repeatedly 
without any systematic sample dependence. 

We note that equivalent experiments with unprotected thiols showed unreliable 
bonding (sample ON2-b, Figure 3.1 b), presumably due to faster oxidation of the 
thiols within a few minutes under the working conditions of the experiments (data not 
shown in AFM figure). Applying the same immobilization procedures which were 
successful for species ON3b and ON2a, produces neither reproducible fluorescence 
nor AFM signals for molecules with unprotected thiols. This fact may thus explain 
part of the large variations of transport properties observed in dithiolated aromatic 
molecules. 

With species ON2a, ON2b and ON3a, when using substrates which have been 
exposed to air by more than one hour before the application of the molecular solution, 
neither clear fluorescence signals nor contrast in the AFM pictures were observed. 
With ON1 we did not observe successful bonding even when the time between 
evaporation and deposition was shorter than 10 min. 

 
4.1.3 Summary  

We summarize here that TMS-protected thiols and thiophenes are suitable end 
groups for the immobilization of molecules to fresh gold surface. This result is 
important for electronic transport measurements because successful and reproducible 
charge injection relies on reproducible immobilization and chemical adsorption of the 
molecules to the electrodes. We also show that successful binding of the molecules 
requires the gold surface to be very fresh.  
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4.2 Conductance characterization of dsDNA in aqueous 

solution  
As introduced in chapter 2, our break junction setup with a liquid pipette allows 

not only to trap and bind DNA molecules to the break junction but also to monitor the 
binding process and explore the DNA conductance in aqueous solution. In this section, 
we report measurements of the resistance during opening and closing the junction 
with DNA solution on top of it. The results yield open-close curves which indicate the 
binding process of the DNA to the electrodes.  
 
4.2.1 dsDNA preparation and experimental process 

For the transport measurements, hybridization of the oligonucleotides, 
functionalized the same way species ON2a in section 4.1, is performed to form 
double-stranded DNA. First, two 21mer oligonucleotides with complementary strands 
(sequence: 5'-A CC CAC CCT CGC TCC CAC CCT*2-3’ and 3'-T*2GG GTG GGA 
GCG AGG GTG GGA-5’) were synthesized with automated DNA oligonucleotide 
synthesis. The thymine bases at 3’ ends contains protected a thiol group to allow 
binding to gold electrodes3. Thiol modification of thymine nucleotide is performed at 
its 5-position in order to be in close proximity to the π-system and to maintain 
accessibility over the major groove in double-stranded DNA. Mass spectrometric 
analysis verified the integrity of the oligonucleotides. Hybridization is performed by 
incubating the two oligonucleotides in buffer solution. For reference purposes another 
oligonucleotide without thiol-group ends was synthesized with the same method. The 
molecules were dissolved in TBE buffer and kept in the refrigerator (-20°). Since the 
dsDNA have large persistent length (~50 nm) due to its helical structure, the DNA can 
be regarded as a stiff rod of a length of about 7 nm which is able to span the 
nano-sized gap between two electrodes. 

The transport experiments were conducted at room temperature with a MCBJ 
set-up. In this technique, a narrow Au bridge was suspended above a flexible substrate. 
By bending the substrate, the gold bridge can be broken. Then the two open ends form 
a pair of electrodes the distance of which can be controlled with the precision of a few 
Ångstrøm. The experimental process was as following: first, immediately after 
cleaning the Au surface in oxygen plasma, the chip was mounted onto the three-point 
bending bench. Second, a 10 μl droplet of DNA solution (10 μM) was positioned on 
top of the MCBJ. According to our former results, the thiol-ended DNA molecules 
prefer to bind to very fresh gold surfaces. So, in the third step, the nano-bridge was 
broken by bending the substrate, and two fresh gold pyramids were formed as 
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electrodes where the thiol-modified DNA would bind to. By bending and relaxing the 
substrate repeatedly, the MCBJ can be controllably opened and closed. We monitored 
in real time the resistance between the electrodes while applying a small bias voltage 
(100 mV). When the molecules approach the surface of the gold electrodes, a stable 
chemical bond between the sulfur atom and the gold surface is established. As a result, 
the electrodes will be bridged by DNA if the distance between them is smaller than 
the length of DNA. 

 
4.2.2 Bias voltage applied in solution 

It has been shown in chapter 3 that the IVs in buffer solution are linear under a 
“safe” bias voltage within a certain distance (~7 nm). For the dsDNA, with the length 
about 7 nm, it is better to keep the bias voltage less than 200 mV (“safe voltage”) to 
ensure a reliable measurement. In the experiment, we applied a bias voltage of 100 
mV during the opening and closing process. Even with this low bias voltage, the 
typical linear resistance-distance relation of tunneling current between the electrodes 
can be overruled by the current through the buffer solution when the electrode 
distance is more than 0.6 nm, as shown in Figure 3.3. As a result the resistance shows 
a plateau with typical value Rp. We propose that if there are DNA molecules bond 
between the electrodes, the Rp will decrease caused by the conductance contributed 
from DNA molecules.  

It is a question if with our small bias voltage, the current though DNA molecules 
can be detected or not. The largest energy gap of DNA calculated by Hartree-Fock 
theory is about 8 eV 4, 5. Linear-scaling pseudo-potential numerical atomic-orbital 
DFT-PBE calculations show that the narrowest gap between HOMO and LUMO is 2 
eV 6. Although the energy gap of DNA is still controversy, all those results show it is 
much higher than our bias voltage. However, band-gap itself does not rule out 
possible electrical conduction if considering the doping mechanism, especially in 
aqueous solution. So, it is possible for us to measure the electron transport through 
DNA molecules in buffer solution. Furthermore, the room temperature thermal energy 
is 0.026 eV, much lower than our bias voltage. That ensures a stable measurement 
with the bias voltage of 100 mV. 

In practice, it is impossible to get the meaningful IV character of DNA in 
solution, since electrochemical effect gets larger with higher voltage. The nonlinear 
and irreversible IVs even in pure buffer solution make our judgment of physical 
mechanisms of molecular conductance unreliable. 

 
4.2.3 The binding process  
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Figure 4.3: a, two typical open and close curves measured in MCBJ with DNA 
solution. b, Sketch of 7 steps to show the binding process of DNA to electrodes during 
breaking and closing the junction. In the first step, the junction is pre-opened (1) so 
that the middle of the bridge is fresher than the other parts. Then the DNA solution is 
piped on top of the junction (2). The DNA would prefer to bind to the fresh gold. 
Continuously opening the junction, the bridge narrows while DNA is possible to move 
along it (3). Likely, there could be one or a few DNA molecules binding in the central 
part of the junction. When the bridge is broken, a pair of electrodes forms (4) with a 
DNA bridged over it (It is possible that DNA has already been stretched), 
corresponding to the steps at about 100 MΩ in the black curves (left panel). Further 
breaking the electrodes, the DNA will be stretched and lose the binding (5), resulting 
in resistance jumping to a higher value. But the DNA should still attach to one of the 
electrodes. The resistance will keep almost constant as the distance changes providing 
the distance is larger than 1 nm. After that the motor is reversed and the distance 
between electrodes becomes smaller. The DNA will likely bind between electrodes 
again and the steps at about 100 MΩ also appear (left panel). However, the steps 
jump more wildly because the binding is not as stable as before (6). Continue closing 
the electrodes, the tunneling signal will be larger and it will cover the conductance of 
the DNA (7). 

 
In our previous experiment, we have checked the binding of our DNA 

molecules to gold surface. As we have discussed before, the gold surfaces need to be 
very fresh to allow the binding. So in our experiment, we have to ensure the gold 
surface as fresh as possible to improve the binding efficiency. A trick to improve the 
trapping and the bonding of DNA is to incubate the DNA when bending the gold 
bridge, as developed in our former work. Breaking of the junction leads to a pair of 
electrodes which are very new and fresh gold surface. The points tend to be bound 
with the DNA molecule through the Au-thiol bonds. 
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Figure 4.3 shows the typical open-close curve and a sketch to describe the 
adsorption process of DNA onto electrodes. In step 4 and 6 when opening/closing the 
junction, we see jumps of resistance which indicate unstable binding of DNA onto the 
electrodes. The constant resistance at step 5 during closing is in the same order of the 
resistance in broken junctions without DNA molecules (Figure 3.3). This resistance is 
caused by the charge transfer through buffer solution. 

To ensure a stable bond during measurement, we prefer to open the junction 
not too much to lose the binding of DNA to both electrodes. So we should control the 
motor carefully, and close the electrodes before the steps at 100 MΩ disappear. If we 
close the junction as soon as the resistance reached 100 MΩ, strong binding to the 
electrodes should always exist although the DNA is likely to be stretched. An 
open-close curve with this process is shown in Figure 4.4a, in which the constant 
plateau at about 100 MΩ indicates stable binding of molecule(s) on electrodes.  
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Figure 4.4: Improved binding process of DNA to electrodes to prevent the 

electrodes from “over-break”. a, the typical open and close curve in this improved 
“stable binding”. b, the sketch of 5 steps to show the open process. The first three 
steps are the same as in Figure 4.3 b: pre-open the bridge (1) to create fresh gold 
surface in the middle of the bridge, then we put the DNA solution on top of the bridge 
(2) while opening the bridge and DNA will bind to the fresh gold. Further opening the 
bridge, the DNA will move along the gold bridge (3). It is possible that there will be 
one or a few DNA binding in the very middle of the bridge. When the bridge is opened, 
a pair of electrodes is formed (4). The DNA still binds on the surface (possibly to be 
already stretched). As soon as we reach this state, we stop opening the electrodes. The 
resistance remains almost constant as the distance changes. As we see in the left panel, 
the red plateau at about 100 MΩ is more stable than the corresponding steps in 
Figure 4.3 a. If we keep closing the electrodes, the tunneling signal will be larger and 
the conductance of the DNA will be covered (5). 
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With this improvement, we can get stable bonds between the DNA and gold 
electrodes, which are important for measuring the DNA conductance. However, the 
conformation of DNA (stretched or unstretched) on the plateau around 100 MΩ is not 
clear and cannot be controlled in our process. If the bond is not on the tip atom of the 
gold electrodes, it is quite possible that the DNA has already been stretched when the 
bridge is broken. In this case the DNA will relax to its original structure. When further 
closing the electrodes, the DNA will be stretched. This gives the possibility to observe 
the effect of those structure changes on the conductance. 

 
4.2.4 Open and close curves 

In this section, we compare the open and close curves from different samples, to 
ensure the good binding between the molecules and electrodes. We used pure buffer 
solution without DNA molecules, buffer solution with unmodified DNA samples and 
buffer solution with modified DNA samples. The last samples show a particular low 
resistance plateau because of the stable binding of DNA to the electrodes which lead 
to higher conductance. The resistance plateaus with the other two samples were very 
high (about 10 GΩ). In addition, the closing behavior with the modified DNA in 
solution is inspected in more detail. The obvious conductance enhancement at special 
positions is compared to a theoretical result. 
 
4.2.4.1 The typical open and close curves  

There are several features which can be clearly seen from the open-close curves 
in Figure 4.5: 

The first one is the resistance difference. The conductance with the modified 
DNA sample (~100 MΩ) is ten times or hundreds of times higher than that of the 
control samples (1~10 GΩ). The mechanism of the charge migration in solution is not 
clear. Since there are counterions and water molecules around DNA samples, the 
electronic structure of DNA bases may not give rise to changes in the conductance 
measurement. However, since the bias voltage we applied was in the range of safe 
voltage, we can assume that the electrochemical effect is negligible in our case. 
Second, we should mention that if the bonds are destroyed between the modified 
DNA molecules and the gold electrodes, the resistance will jump to the same value as 
in buffer, as shown in the red and black curves in Fig. 4.5. Finally, since in most cases 
the DNA has been stretched when the bridge was broken to electrodes, the closing 
curves show more information, since also the distance calibration for close curves is 
more reliable than for open curves. 
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Fig. 4.5: Typical open and close curves in buffer solution: Break until R ≥ 1 GΩ 
(~3 nm testing in solution), then close the electrode. The um-DNA is the dsDNA with 
its ends not modified. Both m-DNA1 and m-DNA2 are the dsDNA with both ends 
modified. However, curves with m-DNA1 sample were taken with the “over broken” 
process as in Figure 4.3 and curves with m-DNA2 were taken with the “stable 
binding” process as in Figure 4.4.  

 
4.2.4.2 Steps in open curves and conductance enhancement in close curves 

In the open process, we can hardly get enough curves for statistical analysis since 
samples become unstable in a short time in solution, as we discussed in the former 
chapter. But, it is clear that some steps exist, as shown in Figure 4.6 a. The steps range 
from 500 kΩ to 10 MΩ. Furthermore, these steps occur at different resistance values 
in different curves. A possible explanation is that the number of molecules bond 
between the electrodes is different. 

The most interesting phenomenon is seen in the close curves. Figure 4.6 b shows 
the typical close curves, which can be separated in two types. In type I, there is a 
trough of resistance (we call it conductance enhancement behavior) in the plateau 
region. The conductance enhancement behavior occurs at the distance from 0.7 nm to 
1 nm. We can exclude the explanation that this phenomenon is caused by the change 
of binding between DNA and electrodes because the resistance rises back when the 
distance is further decreased. As mentioned before, the DNA should already have 
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been stretched when the electrode is opened. We therefore contribute the conductance 
enhancement to conformational changes of the stretched DNA during closing, which 
results in the enhancement of overlap of the conducting π-orbitals7.  
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Figure 4.6: a, Typical open curves of modified DNA in solution. The steps indicate 
the presence of molecules in the junction, but the resistance values of the steps vary 
from curve to curve. b, Typical close curves of the modified DNA samples. The 
enhancement of the conductance around 1 nm might be due to rotation of neighboring 
stacks. 
 

When a short DNA molecule is stretched by pulling its ends, the twist angle φ 
between consecutive base pairs reduces from its equilibrium value of 36o. Smaller 
angles φ  lead to an increased π-π overlap, resulting in larger charge transfer 
integrals.6-8 On the other hand, the combined twist-stretch process leads increased 
inter-base distances d, effectively decreasing the values of the charge transfer 
integrals, therefore, antagonizing the effect of twist. This may lead to a complex 
behavior of electronic properties of DNA during the stretching process. 

The change in overlap between neighboring bases, as a result of a changed DNA 
configuration during the stretching process, has been investigated theoretically by 
Maragakis et al. on a few geometry snapshots8. Song et al.7 investigated the 
conductance change of DNA along the conformation transition for the stretch-twist 
process in more detail. By merging density-functional-theory-based calculations and 
model-Hamiltonian approaches, they found that when the distance between two 
adjacent bases decreased from 0.6 nm to 0.4 nm, the conductance increases first and 
then decreases, forming a peak in conductance-distance curves, as shown in Figure 
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4.7, which is similar to the trough in our closing curve. In their theoretical work, 
dynamic aspects and the effects of the solvent are neglected, different to our case. But 
it can be expected that the average behavior is qualitatively the same. The solvent 
degrees of freedom lead to fluctuations in the onsite parameters, which is assumed to 
be not relevant to understand the qualitative picture. However, because the binding 
positions of DNA to electrodes are not controllable in our experiment, we cannot 
compare the absolute extension of DNA at the trough to their calculation. 
 

A BA B

 
Figure 4.7: A, The charge-transfer-integral t for the stretching-twisting process 

as a function of the distance between two GC pairs, d, and the angle f. The green 
dashed line represents the equilibrium position deq = 3.4 Å, φeq = 36o. The blue 
dashed-dotted line represents the suppression point (d0 ≈ 4.45 Å, φ0 ≈ 24.6o). The three 
horizontal shot-dashed gray lines are the references used for the intensity of the DNA 
coupling to the electrodes displayed in B. B, Current-distance relations along the 
three red (dash-dot) lines in figure 4 with same parameters. (a) Γ = 9.5 meV, (b) Γ = 3 
meV, (c) Γ = 1 meV. The blue dash-dot lines are for the position (d = d0 , φ = φ0). 
Figures are taken from reference 7 with permission. 
 

4.2.5 Summary  
In this section, the binding of the modified dsDNA molecules to the gold 

electrodes of MBCJ was monitored and investigated. The DNA conductance in 
aqueous solution was explored. The conductance enhancement in the closing curves 
were discussed together with the theoretical results by Song et al.7 

 

4.3  Conductance characterization of dsDNA in ambient 

conditions  

The motivation of this section is to compare the charge transfer of dsDNA in 
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ambient conditions. As discussed in the introduction, the humidity can influence the 
conformation (a ‘B’ to ‘A’ structural change could happen) and the water molecules 
form a shell around DNA molecules. Both would affect the charge transfer through 
DNA. Before presenting DNA conductance measurements in vacuum, we show 
results measured in ambient condition with humidity about 30 ~ 70%.  

 According to our test measurement, the break junction is easily to become 
impure when exposed to ambient environment. Especially from the histogram of 
conductance such as statistic results in Figure 3.2 c in chapter 3, the random peaks on 
the non-integral values of the conductance Go illuminate that the break junction is not 
perfectly ordered. However, we can still detect meaningful signal and observe some 
important phenomena before the electrodes became too dirty. 

After the conductance measurement in solution, the electrodes are cleaned with 
diluted water and the devices are dried in a flow of nitrogen. The open and close 
curves are recorded and the IV measurements are also carried out.  
 

4.3.1 Open and close curves 
The typical open and close curves with DNA molecules in air look similar to the 

behavior in buffer solution. As shown in Figure 4.8 a, before the electrodes of the 
break junction are “over-broken” (that means the bonds between the electrodes and 
DNA are also broken), there is a plateau of resistance at about hundreds of MΩ with 
modified DNA. The bonds between the electrodes and molecules can be damaged if 
the junction is over-broken, similar to the behavior in buffer solution. However, the 
bonds cannot be established again even when the junction is closed later. After the 
bonds are damaged, we found logarithmic increase of the resistance versus distance, 
which is pure tunneling effect between the electrodes indicating no molecular 
conduction is detected. Possible explanation is that the thiol end can be more easily 
oxidized in air than in solution. After the bonds between the electrodes and DNA are 
broken, the naked thiol ends on DNA are oxidized by the oxygen in air so that they 
cannot bind to gold electrodes anymore.  

The control samples of DNA without thiol ends exhibit unstable behavior on 
open curves and pure tunneling behavior on close curves (below the deadline of 
measurement). As shown in Figure 4.8 b, the resistance plateaus are around hundreds 
of GΩ which is about the limit of our measurement setup. The resistance cannot be 
measured beyond this value. 

In conclusion, we show the binding of DNA to electrodes but the binding is not 
stable and tends to be oxidized in air. We cannot get enough data for histograms and 
statistics on the open and close curves. The major reason is that we cannot keep the 
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system clean in air condition for long time. Since every curve needs at least tens of 
minutes, we need hours to get tens of curves. 
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Figure 4.8: The typical open and close curves in air condition. In both graphs, 

the black curves represent open process and red curves represent close process. a, 
open and close curves with modified DNA sample in case the electrodes are 
‘over-broken’. Because the bonds between DNA and electrodes are also broken, the 
plateaus at about 1 GΩ become unstable and then disappear in the open curves. In 
the close curve the plateaus never come back, unlike the behavior in the buffer 
solution, which means the broken bonds between DNA and electrodes cannot be 
re-established in air condition. b, the typical open and close curves of un-modified 
DNA samples in air condition. In this graph, there are huge jumps of resistance in 
open curves, which means the contact or atom state on the electrode top is not stable. 
In addition the plateaus are at high resistance, more than 100 ＧΩ，approaching the 
limits of our measurement.  
  

Moreover, if we look at the open curves in more detail, some steps can be 
found, as shown in Figure 4.9, similar as the behavior in buffer solution. The 
resistance of the steps range from 10 MΩ to 100 MΩ. These steps in the open curves 
may originate from many DNA molecules binding on different positions of the 
electrodes. Upon opening the electrodes, some of the DNA molecules will be 
stretched or over-stretched. If the contact of a molecule to the electrodes is broken, its 
contribution to the overall conductance will vanish, which results in a jump of the 
resistance to a higher value (another step). Less and less molecules will still exist 
during the continuous open process until only a few molecules are left which just bind 
between the very ends of the electrode.  
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Figure 4.9: Typical open curves in air show resistance steps (indicated by the 

black arrows). The steps occur at different resistance values ranging from 10 MΩ to 
100 MΩ. 
 

 
4.3.2 Current voltage characteristics 

Although the open and close curves with modified and unmodified DNA are not 
stable, differences from IV curves of these samples are more clearly visible. Figure 
4.11 a-c show IV curves in three break junctions with modified DNA. Although the 
shape of the IV curves varied from junction to junction, they are quite repeatable in 
one junction, even the IV is scanned during different open-close cycles. All IVs in 
three junctions show a hysteretic effect to different extent, which suggest the 
existence of molecules between the electrodes. In IV curves in junctions with 
un-modified DNA, the hysteresis is not observed, as shown in Figure 4.11 d. Instead, 
we saw a linear IV behavior with many jumps, which indicate the instability of the 
electrodes, as also seen on the open-close curves (Figure 4.8 b).   
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Figure 4.10: The IV curves in ambient condition. In each graphs the different 
color IVs are scanned in different open and close circles. a - c, the IV of three 
junctions with modified DNA show nonlinear and hysteretic behavior. For the 
unmodified DNA, the IV is either linear or unstable, as shown in graph d. The inset of 
d shows IVs in the different measurement regions. 
 
 

The hysteresis in IV curves with modified DNA can be explained as the effect of 
the rudimental counterions and the water molecules from the aqueous buffer solution. 
It is known that water molecules are not able to be completely removed, even when 
the sample is dried with N2. These counterions and water molecules have a dramatic 
influence on the electronic structure as well as the conductance mechanism of DNA. 
Anyway, two conclusions can be deduced. First, the essential difference between the 
IV character of modified molecules and the control samples (un-modified DNA and 
samples without DNA) proves the efficiency of binding of modified DNA ends to 
gold electrodes. Second, the IV behavior is more likely to be a result of the 
electrochemical effect instead of a reflection of the electronic structure of a solid state 
physics system. It is hard to deduce the level structure of DNA molecules from these 
IV curves.  
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4.3.3 Summary 
The DNA conductance character in ambient condition is higher than the latter. So 

we confirm the counterions and the solvent shell play an important role in the DNA 
conductance in solution. On the other hand the binding is not stable during the 
stretching and releasing process when the electrode-molecule-electrode system is 
exposed to air condition. That is easy to understand since the modified ends of the 
DNA can be oxidized in air. 

 

4.4 Conductance characterization of dsDNA in vacuum 

 
In section 4.2 and 4.3, the DNA conductance was measured in solution and in 

ambient condition. We present the results about the measurement in vacuum in this 
section. After trapping of DNA molecules, as described in section 4.2, the electrode 
was cleaned with diluted water and the device was dried in a flow of nitrogen. The 
whole setup was subsequently mounted in an electromagnetically shielded box, which 
was pumped to a moderately high vacuum (<10-7 mbar). The volatile buffer can be 
completely removed in such high vacuum. Two probe measurements were performed 
by applying a dc bias voltage (100 mV) between the two nanoelectrodes and 
recording the current using a source meter (Keithley Model 6430). 

As before, we recorded opening and closing curves and IV curves. Here in 
vacuum, the opening-closing curves and IVs are more stable than in buffer and in 
ambient conditions, which allows us to obtain more information about the intrinsic 
transport properties of DNA. 
 
4.4.1 Open and close curves 

After presenting the typical opening and closing conductance behavior, we 
discussed particular the steps on resistance versus time or distance curves which 
correspond to the molecular conductance during open-close process. From the 
histograms of conductance we can get the conductance of a single DNA molecule. 
 
4.4.1.1 Typical open and close curves  

The opening and closing behavior in vacuum is quite different to that in air and 
solution. Figure 4.11 a and b are the typical open (black) and close (red) curves of the 
resistance versus time measurement in vacuum with modified DNA. We can hardly 
find the stable long-distance plateaus anymore, as shown in both solution and ambient 
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conditions. This indicates that the dsDNA cannot be stretched or overstretched to a 
large extent in vacuum. In solution, a 20 bp dsDNA can be stretched to about 2 nm 
more than its contour length before separated into two single stranded DNA 9. 
However, in vacuum, the water molecules surrounding the DNA are pumped out so 
that the hydrophobic interaction which stabilizes the double helix structure does not 
exist any more. It is therefore highly possible that dsDNA are denatured instead of 
overstretched while opening the electrodes in vacuum. As a result, the resistance 
plateau in open and close curves we observed in solution and ambient do not present 
when it is measured in vacuum.  

However we can still find steps between a few MΩ and 1 GΩ, which are clearer 
than the steps in buffer solution and in ambient conditions. The length of these steps 
varies from 0.1 nm to about 0.4 nm. In Figure 4.12b there are steps both in open and 
close process while in Figure 4.11a it is not shown in the close process. However, we 
should point out that during the opening process the resistances at the steps vary from 
different curves, but the steps occur at almost the same resistance values in all close 
curves if the steps exist.    

Here we give a possible explanation for these steps. In the open curves, the 
resistance of the steps is around 10 MΩ and 1 GΩ. The reason of these steps on the 
open curve may be many DNA molecules between the different parts of the electrodes, 
similar like the steps in solution and in ambient. When we continue opening the 
junction until the last bonds of the molecules and the electrodes break, the resistance 
will depend exponentially on the distance and the measurement time, corresponding 
to tunneling behavior. The close curves will keep a tunneling conductance behavior if 
no bonds produce again, as shown in Figure 4.11 a. In fact, the thiol end is more 
stable in vacuum than in ambient since there is less chance for it to be oxidized. It is 
possible that the thiol end is not oxidized and can bind again to the electrode while 
closing the junction. Obviously, during shorter time in which thiol end is exposed in 
vacuum, there are less chances being oxidized and more possibilities for the DNA 
binding to the electrode again. In Figure 4.11 b, the junction is not opened as wide as 
that in Figure 4.11 a (the resistance is accordingly smaller), so the steps recur in 
closing process. 
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Figure 4.11: a and b, the typical open and close curves of modified DNA 
samples measured in vacuum. In a, there are only steps on opening curves. However, 
in b, the steps recur in closing process. c, the typical steps on resistance versus time 
curves during opening process. d, the typical steps on resistance versus time curves 
during closing process. e, the typical steps on resistance versus distance curves 
during opening process, only two curves are shown for clarity. The curves are same to 
the opening process of figure a.  f, the typical steps on resistance versus distance 
curves during closing process, only two curves are shown for clarity. The length of the 
steps is about 0.2 nm (1/30 of the whole DNA length) corresponding to the extended 
or extruded size of the DNA. 

 

The resistance values of the steps in close curves are more convergent than that 
in open curves. This can be explained by the fact that only the inner molecules can 
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bind to the electrode again during closing the junction. As sketched in Figure 4.12, 
when one of the bonds between the electrode and DNA is broken during the opening 
process, the DNA molecules sticking on one electrode will be dispersed to different 
directions (instead of being almost parallel to the junction as before) because the 
negative charged DNA repulse each other. Then there would be only one or very small 
number of molecules that could contact again to another electrode when closing the 
junction. With histograms of conductance in the close curves, it is viable to count the 
number of the DNA molecules contributing to the charge transfer and to estimate the 
value of the single molecule conductance. 
 

AuAu- + AuAu- +

AuAu- +Au- Au +

AuAu- +AuAuAuAu- + AuAu- +AuAuAuAu- +

AuAu- +AuAuAuAu- +Au- Au +AuAu- AuAu +
1

2 3
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Figure 4.12: Sketch of the opening and closing process of gold-DNA-gold 
junctions in vacuum. Steps 1, the junction is not broken, DNA molecules are binding 
on the middle of the gold junction. 2, the junction is broken, the ends of molecules 
(four molecules here) are still binding on the electrodes. 3, keep opening the junction, 
the bonds are damaged. DNA molecules lie on different directions, since DNA is 
negatively charged and the electrodes are also electrified. 4, close the junction, only 
one DNA molecule binds to both electrodes. Keep on closing the electrode, the 
electrodes are contacted together. The four DNA molecules contact to the gold atom 
around them again. Open the junction again, the DNA molecules will be stretched and 
arranged to parallel to the junction. The whole system will turn back to step1.  
 

4.4.1.2 Conductance histograms 
If we focus on the steps on close curves with modified DNA, we will find small 
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peaks in the conductance histogram. The histogram of our results are very similar to 
the results of Xu et al. 10, and a similar analysis is also taken in the following.  

Figure 4.13 is the histogram of conductance during closing the electrodes with 
modified DNA (a,b), the control sample of un-modified DNA (c) and single-stranded 
DNA (d). Here G0 is conductance quantum, 77.6 μS. Because the current range is 
large for the whole closing curves, the measurement range of our source meter 
(Keithley 6430) changed at some special current values automatically, especially at a 
current of 1 pA (correspondent to conductance of about 0.18 mG0). This range change 
of the source-measure unit leads to a calibration problem of the Keithley. Less data 
points are recorded at the change-current positions. As a result, there will be a dip on 
the histogram of conductance. 
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Figure 4.13: The histogram of conductance in the close process. The statistics 
focus on the resistance region from 0.01 mG0 to 1.2 mG0, in which region the steps 
happened. a, the histogram of modified DNA. Three peaks around 0.32 mG0, 0.48 
mG0 and 0.64 mG0 can be found. b, histogram of modified DNA in another break 
junction. A similar behavior was found with three peaks at about 0.4 mG0, 0.6 mG0 
and 0.8 mG0. c, the histogram of unmodified DNA in which we can hardly find the 
typical peaks. d, the histogram of single-stranded DNA does not show any prominent 
peaks. All histograms are calculated from about 20 - 30 curves. 
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Figure 4.13 a and b are histograms of conductance on close curves with modified 
DNA from two different junctions. There are several peaks on both histograms. We 
can attribute these different peaks to the conductance through different numbers of 
DNA molecules. In detail, the peaks occur in the conductance value about 0.32 mG0, 
0.48 mG0 and 0.64 mG0 in a and about 0.4 mG0, 0.6 mG0 and 0.8 mG0 in b, which are 
multiples of 0.16 mG0 and 0.2 mG0 respectively. So it can be assumed that the peaks 
correspond to conductance of 2, 3 and 4 DNA molecules. However, we didn’t find the 
clear peaks at 0.16 mG0 or 0.2 mG0, which would correspond to single DNA 
molecules. That is because the peak is eliminated by the dips between 0.1 to 0.2 mG0, 
due to change of measurement range of the source meter. In contrast, no clear typical 
peaks are found at the histograms of the control samples, the un-modified DNA and 
the single strand DNA, as shown in c and d respectively.  
 
4.4.2 Current-voltage characteristics  
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Figure 4.14: Resistance positions where IVs are scanned with modified DNA in 

vacuum. a, the close curve (the 89th curve) where we scan IVs. We select 8 different 
resistance positions for scanning the IV, which leave gaps in the close curve. The IV 
results are show in Figure 4.15 and Figure 4.16. The inset of a shows the graphs from 
Figure 4.11 d, which is the typical closing curves, separated to three resistance 
regions. We can see the steps occur mostly in region III and sometimes in region II. b, 
the opening curves before (the 88th curve, black) and after (the 90th curve, red) the 
closing process in figure a. In figure b the steps between 1 MΩ to 100 MΩ remain. 
That means the binding is still preserved during the IVs scanning and opening - 
closing process. 
 

The transport properties of DNA in break junction can be better characterized 
with current-voltage curves (IVs) measured in the different stretching and releasing 
states (see Fig. 4.14). The resistance R at a bias voltage of V = 100 mV during the 
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closing process is used as indication for the stretched state. The stretched state can be 
divided into three regions according to the resistance R, see the inset of Figure 4.14 a. 
The measured IVs are shown in Figure 4.15 and Figure 4.16. The closing curves 
Figure 4.14 a and IVs in Figure 4.15 and 4.16 are a representative of a typical IV 
measurement process in a typical close curves, in which eight IV curves were scanned 
at the corresponding positions. Curve 1 and 2 were recorded in the region I, in which 
the close curves depict tunneling character. IV curves 3 and 4 are scanned in region II, 
in which some of the steps appeared in closing curves. IV curves 5-8 are scanned in 
the region III, in which most of the stable steps behavior happens. Figure 4.14 b 
shows the open curves before and after the close curve when we scan IV. The typical 
steps appear with the resistance value ranging from 10 MΩ to 100 MΩ indicate stable 
binding of DNA molecules to the electrodes before and after scanning IVs.  
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Figure 4.15: IV curves of the modified DNA samples. IV-1~4 are measured at the 

stretched state 1~4 in Figure 4.14 a. The corresponding resistance regions are: IV-1, 
R (100 mV) > 100 GΩ; IV-2, 10 GΩ < R (100 mV) < 100 GΩ; IV-3 and IV-4, 1 GΩ < 
R (100 mV) < 10 GΩ. IV-1 is nonlinear while IV-2 became linear but not stable. IV-3 
became nonlinear and unstable again and IV-4 shows a ‘S’ shape. 

 
When the resistance is larger than 100 GΩ, which is approaching the deadline of 
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our measurement sensitivity, the nonlinear IV curves can be achieved, as shown in 
Figure 4.15 IV-1. Since the low current is not believable anymore, we can assume that 
the unstable nonlinear IV behavior originates from the leakage current of the 
measurement systems. This phenomenon happened also on the control samples, 
shown later in Figure 4.18. 

In the region I, 10 GΩ < R (100mV) < 100 GΩ, the leakage current is negligible 
and the current of the break junction system can be measured. Figure 4.15 IV-2 shows 
the typical IV curves in this region. The IVs are merely linear which we interpret as 
tunneling effect. No molecular conductance behavior was found in this region. 

Further closing the junction, with the resistance in the region II of 1 GΩ < R (100 
mV) < 10 GΩ, the molecule trapping process was detected as the jump from the linear 
IVs with low current to nonlinear asymmetric IV with higher conductance, as in 
Figure 4.15 IV-3. The jumps reflect the process of DNA molecule already bond to one 
of electrodes beginning to contact the other one. The asymmetric IVs illustrate that 
the bonds are not stable in this region. Figure 4.15 IV-4 shows similar jumps which 
indicates more DNA molecules are trapped and bind to the two electrodes.  

In the steps region III, 1 MΩ < R (V = 100 mV) < 1 GΩ, the IVs are highly 
non-linear with a typical ‘S’ shape as found earlier for other DNA derivates11, 12. 
However, the current level in our samples is larger than found in most of the reports 
about dsDNA11 and can arrive at 1 microampere at a voltage of approximately 0.3 V. 
We used a current limitation of 1 µA in our set-up, because exceeding this value 
occasionally results in destroying the contact. The shape of the IVs can be understood 
by assuming off-resonance tunneling through a single molecular energy state13. If a 
large difference exists between the Fermi energy of the metallic leads and the 
molecular levels which contribute to the conductance, current is suppressed at low 
bias voltages. Once the voltage contributes enough energy to overcome the energy 
difference, the current starts to rise strongly. The interplay of these energies depends 
on the DNA molecules linked to the metal electrodes and the geometry of the 
junction. 

The shape of the IVs can be described by assuming off-resonance tunneling 
through a single molecular energy state. If a large difference exists between the Fermi 
energy of the metallic leads and the molecular levels which contribute to the 
conductance, current is suppressed at low bias voltages. Once the voltage contributes 
enough energy to overcome the energy difference, the current starts to rise strongly. 
The detail of this model has been discussed in section 1.1.3. A fit to this model is 
shown in Figure 4.17. Obviously the model can explain the functional shape of the 
IV-curve well. The parameters of the fit are 0.20 eV for the energy level ε, 0.0088 eV 
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for coupling to one lead, and 0.0074 eV for the other lead (therefore the asymmetry). 
However, because of the complicate structure, a single energy level does not 

describe the band structure of DNA quit well, which lead to the bias of the fit to our 
experiment data, region around 0.2V in Figure 4.17.  A more sophisticated model is 
need to fully describe the IV curves.   
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Figure 4.16: IV curves of the modified DNA sample. IV-5~8 are measured at the 
stretched state 5~8 in figure 4.14a. The corresponding resistance regions are: IV-5, 

100 MΩ < R (100 mV)<1 GΩ; IV-6~8, 1 MΩ < R (100 mV) < 100 MΩ. The stable S 
shape of the IV curves illuminates the stable binding and the rather high conductance 
of the molecules. 

 
In our measurements, the size of the voltage range with reduced conductance 

depends on the stretching length and the resistance where the IV scanning is taken. 
Because of the fluctuations of the resistance a detailed correlation is hard to establish, 
but there is a tendency to find larger gaps at larger distances. Furthermore, most of the 
IVs show asymmetries of the current height as well as of the gap size. In several 
occasions we found a hysteretic behavior with a systematically higher current when 
decreasing the absolute value of the voltage (IV-5 in Figure 4.16). These asymmetries 
and hysteresis hamper a quantitative description of the shape. However, the polarity of 
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the asymmetries varies from junction to junction, indicating that the nonlinearities are 
in fact due to current transport through a single (or a small number of) molecules14.  

 
Figure 4.17: The fit to Figure 4.15 IV-8, using a simple toy model. The parameters 

of the fit are 0.20 eV for the energy level ε, 0.0088 eV for coupling to one lead, and 0.0074 eV for 

the other lead. 
 

When the resistance is lower than 1 MΩ, the close curves show typical tunneling 
behavior. In this region even if there are DNA molecules contacted to the electrode, 
the current through DNA will be covered by the tunneling current since the distance is 
small. We didn’t scan the IV at this high conductance region for this junction, but the 
either unstable (because the gold atoms are not stable to such large current) or linear 
IV curves in this high conductance region were always observed in other open or 
close cycles. 

Figure 4.18 show the IV curves with un-modified DNA as control. The IVs were 
either unstable (jumping while sweeping the voltage) or roughly linear with in the 
measurement region R (V = 100 mV) < 100 GΩ, as expected for tunneling through a 
barrier. 
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Figure 4.18: IV curves with un-modified DNA sample. Only in the region R (100 
mV) > 100 GΩ, the IV behavior is similar to the modified sample. In the other regions, 
the IV is either unstable or linear. The instabilities can be attributed to the unstable 
gold electrode at room temperature. 

 
From the former results, we can conclude that the IVs of modified DNA is 

completely different to that of the control sample. The former shows S shape character 
in the resistance range (V = 100 mV) R < 1 GΩ. The latter is either unstable or linear. 
Further investigating the IVs of modified DNA, we can deduce more information of 
the electron-molecule-electron system. 

 
4.4.3 Summary 

In this section we characterized the DNA conductance behavior with our break 
junction system in vacuum. The open and close behavior is obviously different from 
that in ambient and solution conditions. However, the typical steps corresponding to 
the conductance of a small number of molecules were also detected.  The histograms 
of the steps are further analyzed. The S-shape IV, and the conductance, which is 
higher than most of the experimental results, proved the DNA-end modification and 
G-rich sequences in our approach remarkably improved the conductance of the 
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metal-DNA-metal system. 

 

4.5  Conclusion and prospects 

 
Improvements to enhance the conductance of the metal-DNA-metal systems are 

discussed in this chapter: employing G-rich sequences, since the poly(G)-poly(C) 
basepairs are more conductive than the AT-rich sequences. Thiol-modification of the 
thymine base directly on the π system, instead of on the backbones of dsDNA as 
normally did; protecting groups for thiol ends are introduced in order to insure the 
binding of DNA to electrodes. The conductance behavior of DNA in MBCJ is 
investigated in different conditions: solution, ambient and high vacuum. 

The major purpose of measurement in solution is to monitor the binding process 
and the open-close curves. As a result, a stable binding process has been introduced 
and conductance changes upon stretching of DNA were observed. Both have been 
demonstrated to be helpful for enhancing the conductance. 

In air condition the open-close curves are similar to that in solution except the 
binding between DNA and electrodes is less stable. However, the character of 
conductance versus distance is clearer than that in solution, in which the conductance 
enhancement behavior is more observable. 

In vacuum, the open and close curve is different from that in air and in solution. 
Repeated steps exist in both, open and close process. Analyzing the typical histograms 
of conductance, we got the single DNA conductance in MBCJs is about 0.16 ∼ 0.2 
mG0. Furthermore, the stable and S-shaped IV behavior of the modified DNA samples 
indicate the existence of charge transfer through DNA and the strong bonding 
between DNA and gold electrodes. 
 



Chapter 4 conductance measurement of dsDNA in MCBJ 

98 

Reference 

1. Garcia, R.; Perez, R. Surf. Sci. Rep. 2002, 47, 197-301. 
2. Akkerman, H. B.; Boer, B. d. J. Phys. Condens. Matter 2008, 20, 13001. 
3. Bornemann, B.; Liu, S. P.; Erbe, A.; Scheer, E.; Marx, A. ChemPhysChem 2008, 9, 1241-1244. 
4. Priyadarshy, S.; Beratan, D. N.; Risser, S. M. Int. J. Quantum Chem. 1996, 60, 1789-1795. 
5. Priyadarshy, S.; Risser, S. M.; Beratan, D. N. J. Phys. Chem. 1996, 100, 17678-17682. 
6. Murphy, C. J.; Arkin, M. R.; Jenkins, Y.; Ghatlia, N. D.; Bossmann, S. H.; Turro, N. J.; Barton, J. 

K. Science 1993, 262, 1025-1029. 
7. Song, B.; Elstner, M.; Cuniberti, G. Nano Lett. 2008, 8, 3217-3220. 
8. Maragakis, P.; Barnett, R. L.; Kaxiras, E.; Elstner, M.; Frauenheim, T. Phys. Rev. B 2002, 66, 

241104. 
9. Morff, J.; Kuehner, F.; Blank, K.; Lugmaier, R. A.; Sedlmair, J.; Gaub, H. E. Biophys. J. 2007, 93, 

2400. 
10. Xu, B. Q.; Zhang, P. M.; Li, X. L.; Tao, N. J. Nano Lett. 2004, 4, 1105-1108. 
11. Porath, D.; Cuniberti, G.; Di Felice, R. Top. Curr. Chem. 2004, 237, 183-227. 
12. Endres, R. G.; Cox, D. L.; Singh, R. R. P. Rev. Mod. Phys. 2004, 76, 195-214. 
13. Zahid, F.; Paulsson, M.; Datta, S., Handbook of Nanoscience, Engineering and Technology. CRC 

Press: 2002. 
14. Reichert, J.; Ochs, R.; Beckmann, D.; Weber, H. B.; Mayor, M.; Lohneysen, H. V. Phys. Rev. Lett. 

2002, 88, 176804. 
 



99 

 
 
Chapter 5  
Conductance measurement of 
G-quadruplexes DNA 
 

In chapter 4 we introduced our work on measuring conductance of short dsDNA 
with MCBJ. Besides dsDNA, DNA with particular sequence can also form other 
structures, such as a G-quadruplex. Motivated by recent work that short DNA with 
G-C sequence is more conductive than that with A-T sequence 1-3, we are interested in 
the conductance of the G-quaduplex, which has a stacked plane made by four guanine 
bases. In this chapter, we first introduce the structure and properties of G-quadruplex. 
Then the conductance measurements of G-quadruplex in buffer solution with MCBJ 
are presented in order to verify its bonding between two electrodes. After that, the 
results of measurements in vacuum are presented in the third section. Finally we draw 
conclusion and anticipate prospect usage of G-quadruplex.  
 

5.1 Basic knowledge of G-quadruplexes 

 
5.1.1 Common structure of G-quadruplexes 

Different to Watson-Crick bonds between complementary nucleic acid bases (A 
to T and C to G), a G-quartet plane is formed with four guanine bases which are 
connected to each other in a ring with a total of 8 hydrogen bonds (in the form of 
Hoogsteen bonds), as shown in Figure 5.1 a4, 5. Two or more such G-quartet planes 
can be stacked together due to the hydrophobic and base stacking interaction. The 
typical distance of two adjacent stacked quartet planes is 0.34 nm, similar to the base 
distance in dsDNA, due to the preferred distance of best stacking interaction. 
One-dimensional G-wires can be formed by binding together four individual strands 
with all guanine bases (with length up to micrometers). A single strand of DNA 
containing repeated guanine bases can fold to a quadruplex with other bases (T, A or 
C) as loops to connect each arms of the G-quadruplex. These G-quartets are found in 
the telomers at the end of chromosomes that are composed of G-rich repeats folding 
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into quadruplex structures6, 7. A particular example is the human telomer sequence 
which contains repeated sequence of [-TTAGGG-] 8. In addition, potential G-quartets 
forming sequences have also been found to be enriched in promoters of 
proto-oncogenes9.  

The G-quartet stacking can be further stabilized by cations (typically K+ or Na+) 
located in the center of a quartet plane or between two quartets. Because there are 
more overlapping π electrons between quartet planes and its structure is less flexible 
compared to dsDNA, it is proposed that DNA in the G-quadruplex structure may have 
better conductance 10. Furthermore, K+ or Na+ ions trapped in the quadruplex center 
may also improve the conductance because they provide hybridization with the base 
stack and an intrinsic doping factor, similar to electronic modifications introduced in 
dsDNA helices by metal cations inserted in the inner core 11-14. 
 

 

 
Figure 5.1: a, G-quartet plane with a cation in the center (green sphere); green 

dashed lines: hydrogen bonds; the scale bar represents 0.5nm. b, Structure of a 
parallel G-quadruplex with two cations of a 22mer oligomer (TG3[TTAGGG]3) 
obtained by x-ray diffraction8 (pdb entry: 1KF1); c, Structure of mixed 
parallel/anti-parallel with the same sequence obtained with NMR15 (pdb entry:2HY9). 
For clarity only the guanine bases and the sugar-phosphate backbone (blue line) are 
shown. Distances between adjacent quartet planes are 0.34 nm. 
 
5.1.2 Conformation variety of intramolecular G-quadruplexes  

Dependent on the chain orientation (parallel or anti-parallel), G-quadruplexes, 
even with the same sequence, have different conformations16, 17. For example, DNA 
oligomer with human telometric sequence (TG3[TTAG3]3) can adapt 28 
conformations, in which four of them have been crystalized and their structures have 
been determined with x-ray diffraction or NMR 8, 18, 19. When Na+ is present, it is most 
likely to form an antiparallel quadruplex. When K+ is present, either a parallel 
quadruplex (as shown in figure 5.1b) or mix parallel-antiparallel quadruplex (Figure 
5.1c) can be formed. 

(a) (b) (c) 



Chapter 5 Conductance measurement of G-quadruplex in MCBJ 

101 

Folding to G-quadruplex structure from a random coil happens in micro-seconds 
when Na+ or K+ ions are added to the molecule solution in pure water 20. Upon a high 
temperature or upon external force (as in case of opening of MCBJ), the quadruplex 
can be melted or forced to unfold to single strands again 21. The temperature or the 
required unfolding force is dependent on several factors, such as the G-quadruplex 
conformation or the ion (K+ or Na+) concentration. The free energy change during 
unfolding of G-quadruplex is on the order of a few KJ/mol as has been measured with 
Differential Scanning of Calorimetry (DSC) 22, which is much smaller than the 
binding energy between thiol and gold (~70 kBT, 200 KJ/mol). So, where opening a 
MCBJ with a G-quadruplex bond between the electrodes, the G-quadruplex is 
unfolded first before it is detached from the electrodes. During this force-induced 
unfolding, the quartet planes are deformed and lose stacking between each others, 
which could have dramatic effect on the measured conductance signal.  
 
5.1.3 Methods to measure conductance of G-quadruplexes with MCBJ  
 

R

I

R

I

  
Figure 5.2: Sketch to show the conductance measurement of G-quadruplex with 

MCB set-up: (left) A drop of G-quadruplex solution is deposited to a narrow (100 nm 
wide) metallic bridge which is bent by pushing the central support of the substrate. 
(right) Measuring dc conductance in MCBJ with a single G-quadruplex between the 
gold electrodes. A parallel quadruplex structure is shown here. 

 
The 23mer oligonucleotide (sequence: 5’-T*GGG[TTAGGG]3T*-3’, we named 

it as G1 in the following) was synthesized by standard automated DNA 
oligonucleotide synthesis 23. T* are thymine bases that contain protected thiol groups 
on their 5 position, which directly connect to the π-system of the nucleobase to allow 
binding of the oligonucleotide to gold electrodes without alkyl spacing 23. Mass 
spectroscopy has been applied to verify the integrity of the oligonucleotides. As 
control, another 23mer oligonucleotide (sequence: 5’-T*CCC[TTACCC]3T*-3’, we 
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named it as C1 in following) was synthesized by the same method but all the guanine 
bases were replaced by cytosine. C1 will be in the single strand form unless it is in a 
low pH (~5) solution 24. In our experiment, we used buffer solution with pH about 7.0 
in which case most C1 molecules are in single-stranded form. The molecules were 
dissolved in pure water (100 μM) and kept in the refrigerator (-20°).  

Before measurement, the oligomers were diluted with PBS buffer (40mM K2PO4 
and 26 mM KH2PO4, pH 6.98) to a final concentration of 10 μM. In this solution 
(~100 mM K+), the 23mer G1 oligonucleotide would adapt a parallel or mixed 
parallel/anti-parallel quadruplex structure 25 (see Figure 5.1 b and 5.1 c) while the C1 
would still be in single-stranded conformation. 

The transport experiments were conducted at room temperature with a MCBJ 
setup26-29. Similar to the experiments shown in chapter 4, we pre-open the MCBJ, then 
a droplet of 10 μl G-quadruplex (or control sample) solution (10 μM) was positioned 
on top of the MCBJ. We monitored in real time the resistance between the electrodes 
continuously by maintaining a small bias voltage (100 mV). When the gap of the 
electrodes was around 0.6-1 nm, a voltage of -1V to1V was swept between the 
electrodes to attract molecules to the region between the electrodes. Thiol ends with 
protecting groups at both ends of the G1 or C1 samples allow their binding between 
two electrodes23. We measured the conductance both in buffer solution and in vacuum, 
presented in section 5.2 and 5.3 respectively.  
 

5.2 Conductance characterization of quadruplex in aqueous 

solution 

 
The method of immobilizing quadruplex is the same as prepared for dsDNA, as 

discussed in chapter 4. The process of immobilizing is similar to the Figure 4.3 and 
Figure 4.4 in chapter 4 with a small difference. The length of the quadruplex is 
between 0.6-0.9 nm and the distance when the junction opened for immobilizing 
should be less than this size. So we opened the junction to about 0.6 nm for trapping 
and binding, not 2~3 nm as in dsDNA measurement. As introduced in chapter 3, the 
tunneling signal in solution with junction distance less than 0.6 nm is so strong that it 
overwhelms all other effects. The logarithm of conductance or resistance is linear 
versus the junction distance (time or motor counts), that is evidenced also in this case. 
If the molecule binds between the electrodes, a typical step or plateau similar to 
Figure 4.3 and Figure 4.4 in chapter 4 should also appear.  
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5.2.1 Open and close curves 
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Figure 5.3: Typical open and close curves measured with MCBJ in buffer 

solution with sample G1. Left column are resistance curves dependent on the time 
while the right column are conductance curves dependent on the distance. In curves 
a-1 and a-2, the electrodes are opened until the distance is about 0.6 nm (typical 
length of quadruplex), as the black line, and then closed as the red line. Linear 
behavior of ln(G) with distance are observable in these curves indicating a tunneling 
process in which no molecules are bound between the electrodes. In b-1 and b-2 there 
is a plateau of conductance in a large distance range of the electrodes. This behavior 
suggests the presence of molecules bound between the electrodes but the steps suggest 
that the bonds are not stable. In c-1and c-2 plateaus of ln(G) are present when d > 0.2 
nm, which suggests the existence of molecules bound between the electrodes. 
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In our experiment, we monitored the binding process by measuring the resistance 

during opening and closing the junction. The bias voltage applied on the electrodes is 
0.1V during the monitoring. We proved in chapter 3 that the IV curve is reversible 
under this voltage. The existence of the plateau in open-close curves is the signature 
for us to verify the binding of the molecule between the electrodes. 

Open and close curves measured with G1 oligonucleotides show different 
character, even with same break-junction. Close looking at all the open-close curves, 
we found that they can be divided into three types. A typical curve of each type is 
shown in Figure 5.3. We attribute the differences between these curves to the presence 
or absence of a quadruplex between the electrodes. 

Figure 5.3 a-1 and a-2 shows an exponential dependence of the resistance or 
conductance on the distance (time or motor counts), so the conductance is dominated 
by the tunneling current between electrodes. It indicates that no molecules are present 
between the electrodes. The opening process is quicker than the closing one as we 
discussed in chapter 4, the junction rapidly opens to 0.6 nm although the motor moved 
in the same velocity. However, in Figure 5.3 b-1 and b-2, there is a plateau less than 1 
MΩ in the open curve and a plateau about 15 MΩ in the close curve, similar to Figure 
4.3. We attribute this plateau to conductance through molecules, G-quadruplex in this 
case, between the electrodes. After the plateau, the junction was further broken and 
the plateau disappears. In the close process, the logarithm of the resistance is linear 
versus the distance at the beginning and then the plateau appears again. The jumping 
at the plateau indicates that the binding between the quadruplex and the electrodes is 
unstable. In Figure 5.3 c-1 and c-2, the typical open and close curves have a more 
distinct plateau at about 30 MΩ and there are fewer jumps, which indicates the 
presence of G-quadruplex with good and stable binding to the electrodes. In this case 
we did not over-break the junction to keep the stable bonds. While closing the 
junction the stable plateau disappeared suddenly at a very small distance of about 0.2 
nm and the tunneling effect dominated the conductance again. 

The results were repeated with 3 junctions with quadruplex. The data are 
insufficient for histograms since because of the limitation of our setup, explained in 
chapter 3. We did the same measurement with 2 junctions with control sample (C1). 
In control samples, neither open nor close curves show clear plateau, which verified 
the plateaus in figure 5.3 are due to presence of G-quadruplex in the junction.  
 
5.2.2 Current voltage characteristics  

In this section, the IV characteristics in buffer solution with or without 
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molecules are presented. We first opened the electrodes to a certain distance, and then 
we scanned the bias voltage from -1 V to 1 V. There are two aims for scanning IV. The 
first aim is to trap the molecules to the electrodes. The second aim is to compare the 
IV characteristics in different conditions: in buffer with quadruplexes, with control 
samples or without molecules, to find the difference between these conditions and 
find the signatures and characteristic when the quadruplex binds to the electrode.  

IV curves in buffer, C1 sample and G1 sample are shown in Figure 5.4. The 
distance between electrodes are estimated to be 0.4~1.0 nm because the resistance is 
in range of 200~500 MΩ (bias voltage 100 mV) before IV measurement, except 
Figure 5.4 c-1, in which the distance must be smaller but is hard to estimate. All IV 
curves measured in buffer solution shows similar character. They are almost linear in 
the same sweep direction but they are hysteretic indicating the electrochemistry effect, 
similar to results measured in pure water. But the IV curves measured with the control 
sample shows two kinds of curves. The first type of curves (Figure 5.4 b-1) is similar 
to the behavior of buffer solution, indicating that no molecular binding between 
electrodes or the molecule has little effect on the conductance. The second kind of 
curves shows a non-linear transition at high bias voltage (higher than 0.6 V). The 
reason for this transition is not clear but should be related with bound molecules 
between the electrodes. The IV curves measured with G1 sample are varied much 
more. The shapes of the curves can be rather linear (Figure 5.4 c-1), have a non-linear 
transition at high bias voltage (Figure 5.4 c-2), or be zigzag (Figure 5.4 c-3). Because 
of the large fluctuations of current during IV measurement, the resistance after IV 
measurement usually differs from the value before IV measurement.  

The manifold shapes of IV curves measured in G1 sample were not observed in 
buffer and control samples C1, and also not observed in dsDNA sample (see chapter 
4). It is worth to point out that the conductance is about one order of magnitude larger 
than that measured in buffer or C1 sample. One possible reason is given by the fact 
that the G-quadruplex forms various conformations. Structural changes from one 
conformation to another could happen in solution during IV measurement. Another 
possible explanation is that it is caused by the trapped ions in the G-quadruplex center 
channel, an effect which has been never been studied before. However, in our 
experiment we cannot provide more detailed information to figure out the exact 
reason. 
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Figure 5.4: Typical IV curves in MCBJ with buffer (a), control sample C1 (b1 
and b2), and G-quadruplex sample G1 (c1, c2 and c3). a) IV curves in buffer solution 
have a similar character. Hysteresis is present in all curves. b) IV curves with the 
control sample have various shapes: b-1 shows curves similar to a; b-2 shows curves 
with a larger non-linear transition when bias voltage is larger than 0.6 V or smaller 
than -0.6V. c, variation of IV behavior with G-quadruplex samples:c-1, linear IV 
curves with hysteresis; c-2, non-linear transition at ~0.6 bias voltage; c-3, zigzag 
curves. R in each curve represents resistance (bias voltage 100 mV) before the IV 
measurement. 
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5.2.3 Summary 
We have performed transport measurements through quadruplex DNA molecules 

ended by protected thiol groups with Au break junctions operated in a buffer solution. 
The signature of the presence of the molecules within the junction appeared as 
steps/plateaus in resistance versus distance curves. The value of this steps resistance 
was slightly varying for different junctions. We also show various shapes of IV curves 
with the quadruplex DNA sample which may result from its dynamic structures or 
trapped ions in the center channel. 

 

5.3 Conductance characterization of G-quadruplexes in 

vacuum 
 

After the step of trapping and binding molecules to the electrodes as in the 
former section, the electrode was cleaned with diluted water and the device was dried 
in a flow of nitrogen. The whole setup was subsequently mounted in an 
electromagnetically shielded box, which is pumped to a moderately high vacuum 
(<10-7 mbar). The volatile buffer can be completely removed in high vacuum. Two 
probe measurements were performed by applying a dc bias voltage (100 mV) between 
the two nanoelectrodes and recording the current using a source meter (Keithley 
Model 6430). We report in this section about the results recorded on three samples 
with the oligomer G1 (junction No. 1-3) and two samples of the control oligomer C1 
(junction No. 4-5). 
 

5.3.1 Open and close curves 
Open and close curves contain the important information of the charge transfer, 

which relate to the electronic structures and the molecular structures in different 
conformation, e.g. native or stretched conformation. Moreover, the binding of 
molecules to the electrodes will also change during the open and close processes, 
resulting in varying conductance during these measurements. G-quadruplex is a single 
molecule folded from a single strand DNA. The unfolding force of quadruplex is 
about a few hundred pN from the simulation while forces should be much smaller 
(several tens pN) in the experiment because of much smaller stretching velocity30. 
Comparing to the force between the thiol and gold, which is in the range of nN, the 
unfolding process is detectable in principle when opening the junction. Similarly, the 
refolding process is also assumed to be detectable when closing the junction.  
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5.3.1.1 Plateaus in open and close curves 

The quadruplex structure should be stable in gas phase as proved both in theory31 
and in experiment32. This property may be not so arrestive in the biology area but 
quite important in the physical and nanotechnology areas. Only in dry condition, the 
band structure can be detected and the nanoelectrical devices can be fabricated. 

The open and close curves in this section present the characteristic of unfolding 
and re-folding process and the typical resistance of quadruplex between the break 
junctions. Figure 5.5 shows the typical open and close curves in junction No.1 with 
quadruplex sample G1. The curves are the resistance versus the time. Figure 5.5 a 
shows plateaus in both open and close curves which indicate the existence of 
molecules between the electrodes. The plateau is repeatable in several tens of 
open-close cycles. After that, the junction was over-broken during the open process 
and the resistance jumped to a very high value, meaning that the bond between the 
electrodes and the molecule is broken (black curves in Figure 5.5 b). The close 
process afterwards (the red curve in b) is similar to the curves in pure break junction 
without molecules: no plateau any more. Furthermore, the steps never came back in 
the later opening and closing (Figure 5.5 c). This suggests that once the bonding is 
broken, it cannot be established again or the unfolding quadruplex structure cannot be 
folded back. 

 In Figure 5.6 we show conductance vs. distance curves with different samples. In 
Figure 5.6a (junction No. 1, G1 sample) the resistance shows a pronounced plateau as 
a function of distance both when opening and closing the electrodes. The length of the 
plateau is in the order of 2 nm. The resistance value in the plateau region fluctuates 
between approximately a few tens of MΩ to a few hundreds of MΩ. This behavior is 
reproducible for about 30 repetitions until eventually the plateau vanishes (green and 
blue curve). The latter fact signals the loss of the molecule in the junction as 
supported by a change of the current-voltage characteristics (see in next section). A 
similar behavior is shown in Figure 5.6 b~c (junction No. 2, sample G1). A difference 
is that the plateaus are more pronounced in open curves than that in close curves. 
Again the characters are stable for several repetitions (only two are shown for clarity). 
The length of the plateau varies form 0.5 nm to 3.5 nm depending on different 
opening and closing curves. There are no plateau in curves with control C1 sample 
(junction No. 4), as shown in Figure 5.6 d.  
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Figure 5.5: Typical open and close curves of quadruplex in vacuum. All curves 

are from junction No. 1. In all graphs, the black curves are open process and red 
curves are close process. The pronounced plateau are showed in a) for both open and 
close curves. In b, the junction is over-broken when opened which causes a jump of 
the resistance and the plateau vanishes later in the close curve. After the junction is 
broken, the plateau never presents again as in c).  

 
At variance to equivalent investigations on dsDNA in which also plateaus as a 

function of distance have been observed 33, the step series shown here is reproducible 
in many details: the steps occur at the same distances and the same resistance values. 
For other molecules as well as atomic contacts the opening traces vary from opening 
to opening and only statistically typical resistance or distance values can be deduced34. 
In our experiments, the repeatable opening and closing cycles are observed when the 
electrodes are opened by at most 4 nm up to a resistance of typically a few tens of GΩ. 



Chapter 5 Conductance measurement of G-quadruplex in MCBJ 

110 

When completely breaking the junction the series of steps changes or vanishes 
completely, as showed in Figure 5.5 c. We interpret the plateaus as a signature of the 
unfolding and folding process of the molecules in the junction. The resistance remains 
almost constant while the quadruplex conformation is present. The sliding motion of 
the G-planes along each other gives rise to the fluctuations of the resistance. The 
slightly different behavior between junction No. 1 and junction No. 2 can be attributed 
to the different positions on the electrodes where the quadruplex bind or the different 
folded structures of the quadruplex, (parallel, antiparallel, or mixed – parallel - 
antiparallel), which may have different resistance values. 
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Figure 5.6: a, Typical opening and closing curves recorded on junction No. 1 at 
bias voltage of 100 mV. A pronounced plateau is observed for opening and closing the 
junction for several repetitions (black and red). Finally the plateau behavior 
disappeared (blue and green). b, and c, repeatable open and close curves recorded on 
junction No. 2 at bias voltage of 100 mV. Plateaus are observed when opening the 
junction but when closing the junction the plateau disappeared (b) or presented at 
different resistance values (c). d, Typical open and close curves on control sample 
(junction No. 4). There is no plateau on these curves. 
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The quadruplex we used here has a special shape different to DNA molecules we 
used in chapter 4: the length （or thickness of three quartet plane） is only about 0.7 – 
1 nm but the width (size of a quartet plane) is about 2.3 nm. It is straightforward to 
argue the physics of the plateau is caused by the turning of the quadruplex, with the 
direction between its quartet planes to electrodes changing from vertical to parallel. 
However, this possibility is eliminated since the charge transfer through the molecule 
should be much lower when the quartet plane is parallel to the electrode: the charge 
should be blocked. In contrast, when the quartet plane is vertical to the electrodes, the 
π electrodes contribute the charge transfer mechanism and the conductance should be 
much higher. In our experiment, the plateau is so flat with changes of distance 
between electrodes. So the charge transfer through quadruplex is either parallel or 
vertical to the electrode from beginning to the end. We argue the charge transfer 
through the quadruplex is vertical to the quartet plane since the conductance on the 
plateau is higher than most of the experiment results about dsDNA.  

The plateau should occur only when the tunneling signal is not strong to cover 
the charge transfer through the molecule and the tunneling current is exponentially 
depended on the distance of the electrodes. In the experiment, we observed almost all 
the plateaus occurring around 0.5 to 0.7 nm. It is the typical distance in our case. 
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Figure 5.7: Distribution of the length of the plateaus. The left figure shows 

statistic on junction No. 1 and the right one is on junction No. 2. The length of the 
plateau ranges from 0.2-3.5 nm. 

  
Furthermore, the length of the plateau Δd is an important parameter to discover 

the true physics of this phenomenon. Figure 5.7 shows the statistic results of the 
length of the plateau Δd. The length is varied from different junctions. Since the 
length of the plateau Δd can arrive to about 3.5 nm, we can affirmatively eliminate the 
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possibility that the plateau of the resistance is from the turning of the quadruplex 
during opening and closing the electrode, since in this case, the electrode distance 
should not be able to extend more than 2.3nm.  

We should point out here that the molecule is more likely to bind to an inner 
position instead to the exact tip point of each electrode. So the real distance between 
the two bonds can be larger than the electrode distance we measured. As we discussed 
in the former chapter about dsDNA, when we break the electrode in open process, it is 
quite possible that the DNA has been stretched already, although we do not know 
quantitatively how much it has been stretched. The more far from the exact tip point 
of inner binding position where, the less the molecules would be stretched when the 
electrodes are opened to the same distance.  

The different bonding positions can explain the reason why the length of the 
plateau Δd varies from different junctions and from different curves. For instance, if 
the binding happened about 0.7 nm to every electrode and the distance between the 
electrodes is about 0.5 nm when the plateau presents, the distance of the two ends of 
the molecule should be about (2×0.7+0.5) = 1.9 nm. From molecular dynamics 
simulations, the quadruplex should be unfolded when the distance of two ends of the 
quadruplex are extended to more than 2 nm 30. So we can detect the conductance of 
unfolded quadruplex from almost the beginning of the plateau, and the length of the 
plateau Δd should be very small (0.1 nm in this case) since the plateau will disappear 
when the quadruplex is unfolded to single-stranded DNA. In another extreme case, if 
the molecule just binds to the midmost of the junction, the unfolding behavior should 
happen when the plateau Δd persists about more than 2 nm on the open curves. From 
the statistical results on the length of the plateau Δd in Figure 5.7, we see the Δd 
ranges from 0.2 to 3.5 nm. So, in both cases mentioned above, binding of the 
quadruplex to the different position of the electrodes are possible. 
 
5.3.1.2 Conductance histograms 

It has been showed that, the typical plateaus occur at the same resistance values 
from a few tens of MΩ to about 1GΩ. In this section we focus on the histogram 
around these plateaus and try to get more information such as the value of the single 
molecule conductance. 

In order to do the histogram analysis, we first selected all the open-close curves 
with plateaus present and separate these curves into two groups. The first group 
contains curves with the resistance on plateau is less than 100 MΩ (with 100 mV bias 
voltage). Histogram of conductance (log(G/G0)) from these curves from two samples 
are shown in Figure 5.8 a-1 and b-1, respectively. The second group contains curves 
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with the resistance on plateau is at 100 MΩ ~ 1 GΩ. The conductance (log(G/G0)) 
histogram is shown in Figure 5.8 a-2 and 5.8 b-2. We do this separation because of the 
very different ratio of counts in these two groups. The peaks in histograms of the first 
group will be covered by the noise in histograms of the second group if they are put 
together.  

The peaks in histogram indicate the presence of plateaus in open and close 
curves. In Figure 5.8 a-1 and b-1, the peaks appear at G/G0~2⋅10-4. In this case, it is 
more likely that many molecules bind between the electrodes and the conductance of 
the plateau is a summation of conductance through all the molecules because there are 
other peaks at second groups with higher resistance, as shown in Figure 5.8 a-2 and 
b-2. The counts of peaks in the first group are less than that in the second group (ratio 
about 1/10 to 1/3, depending on the junctions). That means in our experiment, we 
measured the conductance behavior of single or small number of quadruplex 
molecules in most cases. Since the higher resistance plateau corresponds to smaller 
numbers of molecules binding between the electrodes, we analyze the histograms in 
the second region in more detail. In Figure 5.8 a-2’ and b-2’ we draw the histogram 
again but using linear conductance (G/G0) as x-axis instead of log(G/G0). From the 
histogram a-2’ two separated peaks happened on 2⋅10-5 G0 and 2.5⋅10-5 G0. Similarly, 
the peaks appear on 2.5⋅ 0-5 G0 and 4⋅10-5 G0 in b-2’. The minimum conductance we 
measured at the peak is about 2⋅10-5 G0, which is supposed to be close to a single 
molecule conductance. Commonly, the conductance at other peaks should be 
multiples of a single molecule conductance. However we cannot find an integer 
relation between conductance values. 
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Figure 5.8: The histograms of conductance about the plateaus on the open and 
close curves for junction No. 1 (a-1, a-2, a-2’) and junction No. 2(b-1,b-2,b-2’). a-1 
and b-1, the histograms of log(G/G0) statistics on open and close curves with the 
plateaus at relatively low resistance value, R(V=100 mV) < 100 MΩ corresponding to 
conductance of many molecules. a-2 and b-2, the histograms of log(G/G0) statistics on 
open and close curves with the plateaus at relatively high resistance value, 100 MΩ < 
R(V=100 mV) < 1 GΩ, corresponding to the conductance of single or small number 
of molecules. a-2’ and b-2’, the same data as a-2 and b-2 respectively but the 
histograms of G/G0 instead of log(G/G0). The dip about 10-5 G0 is caused by the same 
reason discussed in the appendix of chapter 4. 
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5.3.2 Current voltage characteristics  
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Figure 5.9: The three regions in which the IVs were measured. a) is the open 

curve and b) is the close curve. Three regions are indicated in both figures, 
low-resistance region I (black circle), plateau region II (green square) and 
high-resistance region III (blue circle). In both curves, the plateau is not stable and 
the resistance can jump to the small value about 10 MΩ, where the small steps existed, 
as indicated by the arrows. 

 
The interpretation of unfolding and refolding process on the open and close 

curves is supported by the current-voltage characteristics (IVs) measured in the 
different stretching states (see Fig. 5.9). As an indication for the stretching state we 
measured the resistance R of the junction during the opening and closing curves with 
a bias voltage of Vsd = 100 mV. Figure 5.9 indicates the three regions in which the IVs 
in Figures 5.10~5.12 have been measured. The two panels in Figure 5.10 are open 
curve (a) and close curve (b), respectively. For clarity, we discuss the IV characters in 
the three regions separately. 

In region I the resistance R is smaller than 1 MΩ. The IVs in this region are 
mainly linear in a voltage range up to approximately 1 V, as show in Figure 5.10, 
which we attribute to electronic tunneling through a barrier 35. There is no indication 
for current transport through the molecular orbitals, because the tunneling current 
exceeds the current which is driven through the molecule by a large factor. 
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Figure 5.10: Scanning the IV in low resistance region. (a) the close curve when 
IV measurement is carried out which leaves gaps in the close curve. (b) IV curves are 
mainly linear in a voltage range up to approximately 1V. 
 

The region II is so called “plateau region” in Figure 5.9. Figure 5.11 shows the 
detail of scanned IV curves in this region, i.e. for 10 MΩ < R(V = 100 mV) < 1 GΩ. 
The IV curves are highly non-linear with a typical “S-shape” similar to dsDNA in 
chapter 4. 36, 37 However, the current level in our samples is larger than found in most 
of the reports about dsDNA36 and arrives at several hundred nanoamperes at a voltage 
of approximately 0.7 V. We used a current limitation of 1 µA in our set-up, because 
exceeding this value occasionally results in destroying the contact. The shape of the 
IVs can be understood by assuming off-resonance tunneling through a single 
molecular energy state 38. If a large difference exists between the Fermi energy of the 
metallic leads and the molecular levels which contribute to the conductance, current is 
suppressed at low bias voltages. Once the voltage contributes enough energy to 
overcome the energy difference, the current starts to rise strongly. 

Additionally, in the measurements shown in Figure 5.11 b, a fit to this model is 
shown (pink line). Obviously the model can describe the functional shape of the 
IV-curve well, although the current around zero bias is suppressed stronger than 
calculated within the model. The latter can be explained if the charging energy of the 
electrons onto the molecule is larger than the coupling between the electrodes and the 
molecule. The interplay of these energies depends on the molecular linkers to the 
metal and the geometry of the junction. In our measurements, the size of the voltage 
range with reduced conductance depends on the stretching length and the resistance. 
Because of the pronounced resistance fluctuations a detailed correlation is hard to 
establish, but there is a tendency to find larger gaps at larger distances.  
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Figure 5.11: Scanning the IV in plateau region. (a) is the open curve when the IV 
scanning is carried out， (b) IV curves are non-linear with typical S-shape. Pink line 
is a fit to the thin black curve.  
 

Furthermore, most of the IVs show asymmetries of the current. In several 
occasions we found a hysteretic behavior with a systematically higher current when 
decreasing the absolute value of the voltage. These asymmetries and hystereses 
hamper a quantitative description of the shape. However, the polarity of the 
asymmetries varies from junction to junction, indicating that the nonlinearities are in 
fact due to current transport through a single (or a small number of) molecules 39.  
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Figure 5.12: Scanning the IV in high resistance region. (a) is the open curve when the 
IV scanning is taken place. (b) The IV curves change back to a merely linear behavior 
when stretching beyond the plateau region. 
 
 

Upon further breaking of the electrodes beyond the plateau region (region III, in 
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Figure 5.12 a), the IVs change back again to a merely linear behavior, which we 
interpret as tunneling again, as shown in Figure 5.12 b. In the overstretched situation 
the conformation of the molecule is a single strand of DNA. Tunnel charge transport 
is the typical transport mechanism for ss-DNA.  
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Figure 5.13: When the plateau disappeared, the IV is linear or unstable. a) is 

the close curve where we scan the IV. 
 

If the junction is over-broken and the bonds between the molecules and 
electrodes are completely destroyed, and the plateaus vanished as showed in Figure 
5.6, the IVs are mainly linear or unstable in a voltage range up to approximately 1 V, 
as shown in Figure 5.13. The linear IV behavior supported the interpretation that 
tunneling is the transport mechanism between the electrodes, indicating that no 
molecules reside between the electrodes any more.  
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Figure 5.14: Unstable (jumping while sweeping the voltage) or roughly linear 

IVs on the control oligomer C1. Left and right graphs are measured at different 
stretching states as indicated by the value of current. 
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Finally, we also measured the transport measurements on the control oligo C1 
which does not form a quadruplex structure. No reproducible plateaus are recorded in 
the open and close curves (Figure 5.6d) and the IVs were either unstable (jumping 
while sweeping the voltage) or roughly linear as expected for tunneling through a 
barrier (Figure 5.14). 
 
5.3.3 Summary  

In this section, we present transport results of G-quadruplex DNA with MCBJ in 
vacuum. There are also plateaus on open-close curves, similar to those measured in 
buffer solution. However, the plateaus present in vacuum can extend to at most 3.5 nm, 
which is much beyond the normal quadruplex size, and illustrates the quadruplex 
un-folding process during opening the electrodes and the re-folding process during 
closing the electrodes. The stable resistance during folding and unfolding process 
gives us a good suggestion that the conductance of quadruplex is quite stable with the 
stretching and pushing. The stable conductance quantity makes G-quadruplex a 
competitive candidate for the nanotechnology. 

The approximate single molecule conductance with 100 mV bias voltage is about 
2⋅10-5 G0 in our experiment in contrast with the conductance of dsDNA, as introduced 
in chapter 4. The single dsDNA molecule conductance we measured in vacuum is 
about 0.12 mG0, which is almost 6 times of what we measured in quadruplex samples.  

One explanation is that because the quadruplex is easier to stretch it has been 
already somewhat extended on the plateaus of the resistance to distance curves in 
open and close process. The small steps in Figure 5.9 at the low resistance value 
corresponding to 0.1 mG0 can be the un-stretched molecular conductance, similar to 
that of dsDNA. Another explanation is that what we measured is the resistance 
through the T bases in both ends of the quadruplex. In the quadruplex, the T bases are 
not on the quartet of the quadruplex any more, the high resistance of the T end may 
block the charge transfer. This can also explain the charge blocked in one of IV curves 
in Figure 5-11 b. Furthermore, the modification of thiol ends in duplex is directly on 
the π systems. That approach will reduce the charge blocking of the contacts and the 
relatively high conductance of duplex samples in our experiment. 

The IV curves measured in vacuum are reproducible which gives much insight 
into the conductance of G-quadruplex. The non-linear S-shaped IV curves are 
measured in the plateau region. Comparing dsDNA, the IV behaviors of quadruplex is 
not stable. This relatively unstable IV can either originate from the unstable electronic 
structure of quadruplex during stretching and pushing process or from the thiol 
modification which is not directly on the π systems of quadruplex. 
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Above all, an improvement to the G-quadruplex conductance can be proposed 
here is that modified the thiol group directly on the π systems, e.g., on the guanine 
bases. The stability of this modification should be calculated firstly of course. 

 

5.4 Conclusion and prospects 

 
In this chapter we use G-quadruplex as sample to improve the conductance 

measurement of DNA. As a candidate for conductance improvement, G-quadruplex 
has its matchless advantages. G-quadruplex is almost the G-richest DNA molecule 
and quinine is the recognized highest conductance DNA bases. In fact, there are four 
bases and 36 π electrons in one layer of quadruplex. That will greatly improve the 
conductance. Additionally, the electronic structure of DNA is not periodic since the 
adjacent base pairs usually are different to each other. These un-periodic structures 
induce the electronic localization effect that will highly reduce the conductance. 
However, for G-quadruplex, the same base-guanine contributes to the π electron 
systems, that will reduce the electronic localization effect and accordingly enhance the 
conductance. Furthermore, the cations inside the quadruplex will dope the electronic 
structure and improve the conductance somewhat. With this proposal, we measured 
the conductance of quadruplex with MBCJ in both buffer and vacuum condition. 

The primary purpose of conductance measurement in solution is checking and 
monitoring the process of quadruplex binding to the electrode. Besides, the unit IV 
characters of quadruplex samples are also discussed comparing the other control 
samples.  

In vacuum we demonstrated that quadruplex DNA is able to transport 
considerable currents at reasonable transport voltages in the range of 1 Volt. While the 
IV characteristics are nonlinear and the resistance does thus strongly depend on the 
applied voltage, the resistance is rather independent of the elongation of the molecule. 
These properties make quadruplex DNA being an interesting candidate for electronic 
applications, since in most circuits the voltage is easily controlled while the molecular 
conformation in single molecule structures is not. It would be desirable to repeat our 
measurements with species which give rise to a unique folding structure. Further 
studies are necessary to associate a particular step series in the opening traces to a 
particular conformation of the molecule. 
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Summary and prospect 
 

In this thesis, we described our MCBJ setup which enable us to measure the 
conductivity of single (or a few) molecules at different conditions, ie. in solution, in 
ambient or in high vacuum. We characterized the performance of setup especially in 
buffer solution which is not established before. The setup also enables us to monitor 
the change of conductivity of studied molecules during its conformational change 
(stretched or relaxed). With the help of this special feature, we studied the 
conductance of DNA molecules in two different forms, double stranded DNA and 
G-quadruplex.     

Transport properties of DNA is important mainly because its potential usage in 
future nano-electronics. However at present it is limited by its poor measured 
conductivity. In order to enhance the conductance of the metal-DNA-metal systems, 
we used a novel protocol to bind the DNA molecules to the gold electrodes. The 
terminal thymine bases are modified with protected thiol- group at 5 position of the 
back instead of at backbone, which allow direct coupling between π system of DNA 
and electrodes. Strong bindings of the DNA to fresh gold surface are observed both 
with microscopy and during conductance measurement with MCBJ in solution. More 
important, we measured a higher conductance on the 21bp DNA duplex than results 
reported before, 0.16 ∼ 0.2 mG0 for single DNA conductance in vacuum.  

Moreover, we studied the conductance of a G-quadruplex with MCBJ. The 
G-quadruplex has stacked planes made by four guanine bases and trapped ions in the 
center channel, so it is prospected to have better conductance. We observed a stable 
conductance plateau during opening and closing the MCBJ, which may corresponds 
to the unfolding/refolding process of the G-quadruplex. The non-linear I-V curves are 
qualitatively explained by an “off-resonance tunneling” model.   

Besides these improvements, the conductance of DNA is still below the 
requirement to use DNA directly as a conductive nanowire, and its transport 
mechanism is still not fully understood. Further studies should be done as following: 

1. In order to fully understand the transport properties of both DNA duplex and 
G-quadruplex, detailed knowledge about their band structures are desired. Although 
our IV curves do show non-linear S-shapes or asymmetric, but quantitative estimate 
of band structure are impossible because of the thermal fluctuations. This can be 
realized by doing the measurement at low temperature. The challenge will be 
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modification of our MCBJ setup to fit in the low temperature chamber. The whole 
setup may need to be redesigned.  

2. During opening and closing of the MCBJ, the molecules in the junction, 
DNA duplex or G-quadruplex, are stretched and further denatured. However, the 
stretch processes of both molecules under external forces are not well known yet. 
There is no experimental report on the structure of these stretched molecules. Results 
from computer simulations are also limited and need to be verified. Moreover in our 
experiment, we do see some difference on the open-close curves measured in solution 
and in vacuum, i.e. the long stable plateau measured with dsDNA in solution vanished 
when measured in vacuum. This difference is attributed to the different stretch process 
of DNA in solution and in vacuum. So in order to understand the measurement results 
with MCBJ more quantitatively, we need more knowledge about the stretched 
structure of molecules (DNA duplex or G-quadruplex) both in solution and in 
vacuum.  

3. In our G-quadruplex sample, the thiol functionality is attached on the 
terminal thymine bases, which is not part of quartet plane. So electrons from gold 
electrodes are not directly coupled to the π system of G-quadruplex. In future studies, 
it is desired to attach thiol functionality to the guanine bases. Only by this way, a good 
contact in the meaning of conductance measurement between G-quadruplex and gold 
electrodes can be established, so that we can probe the intrinsic transport properties of 
G-quadruplex without hindrance by the contact resistance.  

4. In our experiments, the G-quadruplex sample has only 22 bases and contains 
three stacked quartet planes. It is needed to measure the dependence of conductance 
on the length of G-quadruplex, i.e. more quartet planes. More particular, we can 
measure the conductance of a G-wire, which is intermolecular G-quadruplex and can 
have length up to micrometers, by using micro-fabricated electrodes. If the 
conductance is good enough, it can be directly integrated into nanoelectronic circuits.  
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Zusammenfassung und Ausblick 
 

In dieser Arbeit haben wir unseren MCBJ-Aufbau beschrieben, der es uns 
erlaubt die Leitfähigkeit einzelner (oder weniger) Moleküle bei unterschiedlichen 
Bedingungen, z.B. in Lösung, unter Umgebungsbedingungen oder im Hochvakuum 
zu messen. Wir charakterisierten die Leistungsfähigkeit des Aufbaus insbesondere in 
Pufferlösung, was zuvor noch nicht geschehen war. Der Aufbau ermöglicht es uns 
auch die Änderung der Leitfähigkeit der untersuchten Moleküle während ihrer  
Konformationsänderung (gestreckt oder entspannt) aufzuzeichnen. Mit dieser 
speziellen Methode untersuchten wir die Leitfaehigkeit von DNA-Molekuelen in zwei 
unterschiedlichen Formen, Doppelstrang-DNA und G-Quaduplex-DNA. 

Die Transporteigenschaften der DNA sind vor allem wegen ihres potentiellen 
Einsatzes in der kuenftigen Nanoelektronik wichtig. Allerdings sind die 
Möglichkeiten zur Zeit begrenzt durch den geringen Leitwert, der in Messungen 
solcher Strukturen gefunden wird. Um die Leitwerte der Metall-DNA-Metallsysteme 
zu verbessern benutzen wir ein neues Protokoll um die DNA-Moleküle an die 
Goldelektroden zu binden. Die Thyminbasen am Ende sind mit  geschützten 
Thiolgruppen bei Position 5 verankert statt am Rückgrat, was eine direkte Kopplung 
zwischen Pisystem der DNA und Elektroden erlaubt. Starke Bindungen der DNA an 
frische Goldoberflächen werden sowohl unter dem Mikroskop als auch bei der 
Leitwertmessung mittels MCBJ in Lösung beobachtet. Ein wichtiges Ergebnis ist, 
dass unsere Messungen höhere Leitfähigkeiten bei der 21bp (basenpaarlangen) 
Doppel-DNA ergaben als in früheren Berichten, 0.16-0.2mGO für die Leitfähigkeit 
einzelner DNA im Vakuum. 

Desweiteren untersuchten wir die Leitfähigkeit eines G-Quadruplexes mittels 
MCBJ. Der G-Quadruplex besteht aus gestapelten Ebenen definiert durch vier 
Guaninbasen, die im zentralen Kanal ein Ion einschließen, wodurch man eine höhere 
Leitfähigkeit erwartet. Wir erhielten ein stabiles Leitwertsplateau während des 
Öffnens und Schließens des MCBJ, welches dem Faltungs-/Entfaltungsprozess des 
G-Komplexes entsprechen könnte. Die nichtlinearen I-V-Kurven lassen sich qualitativ 
durch ein "off-resonance"-Tunnelmodell beschreiben. 

Trotz dieser Verbesserungen ist die Leitfähigkeit der DNA immer noch unter der 
Anforderung um DNA direkt als leitenden Nanodraht zu verwenden und der 
Transportmechanismus ist noch immer nicht gut verstanden. Weitere Studien sollten 
wie folgt durchgeführt werden: 

1. Um die Transporteigenschaften des DNA-Doppelstrangs und des 
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G-Quadruplexes vollständig zu verstehen, ist eine detaillierte Kenntnis ihrer 
Bandstruktur notwendig. Obwohl unsere IV-Kurven nichtlineare S-Form oder eine 
Asymmetrie zeigen, ist dennoch eine quantitative Abschätzung der Bandstruktur 
aufgrund von thermischen Fluktuationen unmöglich. Dies kann mit Experimenten 
unter Tieftemperaturbedingungen erreicht werden. Die Herausforderung dabei liegt in 
der Änderung des MCBJ-Aufbaus, damit er in die Tieftemperaturkammer passt. Der 
komplette Aufbau muss dazu gegebenenfalls neu geplant werden. 

2. Waehrend des Öffnens und Schließens der MCBJs werden die Moleküle im 
Kontakt, Doppel-DNA oder G-Quadruplex, gestreckt und weiter denaturiert. Der 
Dehnungsprozess beider Molekuele unter äußeren Kräften ist aber bislang noch nicht 
gut verstanden. Es gibt noch keinen experimentellen Bericht über die Struktur dieser 
gedehnten Moleküle. Die Ergebnisse von Computersimulationen sind auch begrenzt 
und müssen verifiziert werden. Außerdem sehen wir in unserem Experiment einige 
Unterschiede zwischen den Öffnungs-Schließ-Kurven gemessen in Lösung und im 
Vakuum, z.B. verschwand das lange stabile Plateau, das mit Doppelstrang-DNA in 
Lösung gemessen wurde bei der Messung im Vakuum. Dieser Unterschied wird dem 
unterschiedlichen Dehnungsprozess der DNA in Lösung und im Vakuum zugerechnet. 
Um also die Messergebnisse mit MCBJ quantitativer zu verstehen, brauchen wir ein 
genaueres Wissen über die gedehnte Struktur der Moleküle (Doppel-DNA oder 
G-Quaduplex) in Lösung und in Vakuum. 

3. In unserer G-Quadruplexprobe ist die Thiolfunktionalität an die 
Thymineendbase angehängt, die nicht Teil der Quartettfläche ist. Elektronen der 
Goldelektrode sind also nicht direkt mit dem Pisystem des G-Quadruplexes gekoppelt. 
In künftigen Experimenten wäre es wünschenswert die Thiolfunktionalität an die 
Guaninbase anzuknüpfen. Nur so kann ein guter Kontakt im Sinne einer 
Leitwertmessung zwischen G-Quadruplex und Goldelektrode zustande kommen, um 
die intrinsischen Transporteigenschaften des G-Quadruplexes ohne Verfälschung 
durch den Kontaktwiderstand zu messen. 

4. In unserem Experiment besteht die G-Quadruplexprobe aus nur 22 Basen und 
enthält gestapelte Quartettebenen. Um die Abhängigkeit der Leitfähigkeit von der 
Länge des G-Quadruplexes zu messen, werden z.B. mehr Quartettebenen benötigt. Im 
Besonderen können wir die Leitfähigkeit eines G-Drahtes durch die Verwendung 
mikrofabrizierter Elektroden messen, der zwischenmolekularer G-Quadruplex ist und 
Laengen bis in den Micrometerbereich haben kann. Wenn die Leitfaehigkeit gut 
genug ist, kann er direkt in Nanoschaltungen integriert werden. 
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