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Abstract 

The final goal of molecular electronics is completing electronic devices by using 

individual molecules as the basic building blocks. To achieve such a goal, a good 

understanding of charge transport through individual molecule bridged into electrodes 

is essential. Despite continuing experimental success in building single molecular wire 

even single molecular devices, the widespread implementation has yet to occur, more 

basic research is required. 

The research presented in this thesis investigates three major questions. The first is 

a study into the effect of electrode/molecule contact and the conjugation degree of the 

bridged molecule in the conductance of molecular junction. Here, we have 

systematically determined the electrical properties of amine and thiol terminated 

poly(p-phenylene) molecular wires bound either between two gold electrode contacts 

(Au/Au) or between a gold contact and a graphene electrode (Au/graphene) using STM-

I(s) method. We also compared the conductivity of 1,4-benezenedithiol and 1,4-

benzene dimethanethiol with Au/Au and Au/graphene contact to explain the effect of 

molecular conjugation. The experimental results showed that the junction formed with 

Au/Au electrodes have higher conductance than those formed with Au/graphene 

electrodes. The measured conductance decays exponentially with an increase in the 

number of phenyl rings, giving a decay constant that is similar for amine and thiol 

terminated molecular junctions with Au/graphene system. This work reveals that 

poly(p-phenylene) chains are similarly coupled to either gold or graphene electrodes, 

independently of the anchoring group, and that the transport properties are essentially 

dominated by the intrinsic molecular properties. 

After discussing the effect of a series of intrinsic factors, such as anchoring group, 

electrode materials, and molecular conjugation degree to the conductivity of (single) 

molecular junctions, the focus was moved to evaluate the stochastic nature of measuring 

the electronic properties of (single) molecular junctions, which requires to collect large 

data sets to obtain the full detail of a molecular system. Using the unsupervised data 

sorting algorithm, the multiple conductance behaviors of chain shape and phenyl based 

molecular junctions, which are Au/DBDT/Au, Au/TBDT/Au, Au/6MHI/Au and 
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Au/8MOI/Au, have been observed.  

With more understanding the principle in construction of (single) molecular 

junction, the attempts were made to a higher goal of molecular electronics, namely 

using a single molecule to work as an active electronic component, such as molecular 

switch and molecular diode, to perform a series of controllable functions. In this study, 

an electrochemical gating was applied to modulate the current flow through the 

molecular junction. Here, the conductance behavior of 6V6 has been investigated as a 

function of potential in an ionic liquid medium with both of Au/Au and Au/graphene 

contact. A clear “off-on-off” conductance switching behavior was achieved through 

gating of the redox state when the electrochemical potential was swept. 

Au/6V6/graphene junctions showed a single-molecule conductance maximum centered 

close to the equilibrium redox potential. 

This research has shown that graphene could be used as a promising electrode 

material to construct stable (single) molecular junction in both ambient and ionic liquid 

environments. In addition, this project has shown that when performing molecular 

electronics measurements among the electrode material, electrode/molecule contacts, 

conjugation degree of bridged molecules, and the data analysis method are important. 

At last, the successful electrochemical gating effect indicated the true three terminal 

molecular electronics can be realized based on our experimental equipment. Based on 

this, our group members will further explore the approach of electrostatic ‘gating’ from 

a third electrode to realize the practical three terminal electronic devices.   
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1 Chapter 1: Introduction 

1.1. Molecular electronics 

In recent years, there has been a dramatic growth of the electronic industry, 

however the development of conventional bulk silicon electronics components is 

reaching a bottleneck. The size of devices is hard to further decrease as Moore’s Law, 

which has been proposed in 1965 and specifically predicted that the number of 

transistors on per affordable CPU would double every 18 to 24 months.1  

The non-stopping efforts have been seen in various communities to tackle this 

challenge. Among them, the proposal of using single molecules even single atoms to 

work as a controllable electronic component opened up new horizons for electronic 

industry. The revolutionary idea of single molecular electronics can be traced back to 

1950’s. In1956, a German physicist Arthur von Hippel proposed the basic idea of a 

bottom-up approach which he called molecular engineering.2 Then, Richard Feynman 

gave a legendary and famous lecture “There’s plenty of room at the bottom” at the end 

of 1950’s.3 This idea is not only a vital basis of scientific spirit but also that of 

philosophy spirit. People realized that the “space” is not only obtained by increasing 

the size, but also could be obtained by decreasing the size. He discussed the possibility 

of manipulating matter from bottom to top and suggested constructing matters starting 

from molecules or atoms. Based on this idea, the size of electronic device can be further 

minimized.  

In the sense of a potential technology, the field of building electronic devices 

through the “bottom-up” approach is known as molecular electronics and rises to 

prominence. Recently, molecular electronics has become a true field of science where 

many basic mechanisms and techniques have been discussed and proved. The first 

breakthrough of molecular electronics took place in 1974, Aviram and Ratner discussed 

the charge transfer in single molecule and proposed the creative idea that a single 

molecule could act as a molecular rectifier.4 They firstly proposed a potential single 

organic molecular rectifier which was constructed by connecting the electron donor 

tetrathiofulvalene to the electron acceptor tetracyanoquinodimethane by a sigma 
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bonded (methylene) tunnelling bridge. Their publication is probably the first specific 

proposal to use an individual molecule as a functionable electronic component. 

Although this idea had not been materialized experimentally during a long time, it still 

occupies an important place in the history of the development of molecular electronics. 

Soon after, a series of experiments on the structure and conductance properties of 

molecular devices were carried out. In the 1980s, Kuhn et al. firstly experimentally 

demonstrated the possibility of molecular rectification.5 They fabricated Langmuir-

Blodgett film, and further sandwiched them into metals to measure the electronic 

properties of conducting molecular components. Relying on these further experimental 

technologies, such as Langmuir-Blodgett (LB)5 membrane, self-assembly (SAM) 

technology,6 organic molecular beam epitaxial growth (OMBE)7 and scanning probe 

microscopy (SPM),8,9 the development of molecular electronics has been greatly 

promoted. 

 

1.2. Construction of molecular junctions 

In molecular electronics, building a stable and repeatable single molecular junction 

is the first and the most important step. For a single molecular junction, the basic 

structure is left electrode/single molecule/right electrode. The linked molecule can be 

considered as a wire which is able to transfer electrons. A specific molecular junction 

can be formed successfully when there is a single molecule linked into two electrodes 

by the binding force of the electrodes and anchoring groups. At the beginning, only 

metal materials are used as the electrodes to form the metal/molecule/metal junction, as 

shown in the Figure 1. 
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Figure 1: An example of metal/molecule/metal junction (Au/1,4-benzenedithiol/Au). 

 

Au/1,4-benzenedithiol (BDT)/Au was the first measured system in 1997. Reed et 

al. reported the building of Au/BDT/Au single molecular junctions by a mechanically 

controlled break junction (MCBJ) in ambient condition.10 The single molecule was 

linked into two gold electrodes by the effect of Au-S covalent bond. Based on this 

molecular junction, they further reported a direct observation of charge transport 

through the molecules. Till now, a stable single molecular junction can be fabricated 

with various techniques. This development and the subsequent introduction of several 

other techniques for studying small groups of molecules and even single molecules have 

provided significant motivation towards the recent development of molecular 

electronics. For example, effective approaches have been developed to construct and 

characterize single molecular junctions such as the scanning tunneling microscope,11,12 

mechanically controlled break junction technique,10 conductive probe atomic force 

microscopy (C-AFM).13 
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1.2.1. Scanning tunneling microscope (STM) technique 

The technological breakthrough of molecular electronics started in 1980’s with the 

invention and application of scanning tunneling microscopy (STM) by Binnig and 

Rohrer.8 The development of equipment provided a practical way to manipulate matter 

at the atomic scale as shown in Figure 2.14 In addition, STM technique provides a 

realistic way to “see” and “touch”  even to “move” single molecules for human 

beings.15 Scientists have showed great interests in manipulating an individual molecules 

or even atom, in other words, single molecules or atoms can be moved to assigned 

stations, and specific structures can be built atom-by-atom.16 Meyer et al. showed 

several excellent examples of atomic manipulation using STM technique,17 such as the 

successful sliding of molecules (CO, C2H4 and Pt) along the Cu (211) surface.  

 

Figure 2: The principle of a STM probe: the gentle touch of a nanofinger. [Copyright, Review of Modern 

Physics, Ref. 14] 
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The ability of STM in which provide both geometric and electronic information 

lead to a new way of studying the electron transport properties in an individual molecule. 

This leap forward in micro technology lays a key foundation for the advanced molecular 

electronics. Based on the powerful feature of STM, in 2003, there are two significant 

breakthroughs happened in molecular electronics. In that year, STM break junction 

(STM-BJ) technique11 and STM-I(s)12 (I is current, s is distance) technique12 emerged. 

 

1.2.1.1.STM-break junction (STM-BJ) method 

The STM-BJ method was firstly reported by Xu and Tao in 2003.11 The procedure 

of forming a (single) molecular junction was shown in Figure 3. In this method, The 

STM tip is first placed at a preset position controlling by the measured tunneling current 

feedback. Then the STM tip approaches to the substrate to form a tip-substrate (in their 

experiment is gold-gold) contact as shown in Figure 3a. The STM tip then retracted 

from the substrate, with the retracting of the tip, the metal–metal contact breaks, and 

molecular junctions can be formed. During this stage, the conductance decreased in a 

stepwise fashion, with each step occurring preferentially at an integer multiple of 

conductance quantum 𝐺0, where 𝐺0 = 2𝑒2/ℎ, as shown in Figure 3b. 

 Upon further pulling, by choosing proper experimental conditions one may end 

up with a single molecule junction before the contacts break completely, as shown in 

Figure 3c. During the retraction of the tip, a current–distance curve is recorded to 

represent the conductance behavior. In this stage, the measured statistic conductance 

showed peaks around 0.01𝐺0, 0.02 𝐺0, and 0.03 𝐺0, which is two orders of magnitude 

lower than those that arose through the conductance quantization, as shown in figure 

3d. Upon further pulling, the metal/molecule/metal junction would break when the 

distance between tip and substrate is longer than the maximum size of bridged 

molecules as shown in Figure 3e. In this stage, there is no such steps or peaks are 

observed within the same conductance range as shown in Figure 3f. 
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Figure 3: Illustration of STM-BJ technique where, (a) The STM tip approach to the gold substrate to 

form a gold-gold contact; (b) A corresponding conductance histogram constructed from 1000 

conductance curves as shown in (a) ;(c) When the contact shown in (a) is completely broken, the molecule 

bridged into tip-substrate to form metal/molecule/metal junction . (d) A conductance histogram obtained 

from 1000 measurements as shown in (c); e) With the further pulling of STM tip, the 

metal/molecule/metal junction is completely broken, f) the corresponding conductance histogram shows 

no obvious peaks. [Copyright, American Association for the Advancement of Science, Ref. 11] 

 

1.2.1.2. STM-I(s) method 

The STM-I(s) method was developed by Haiss et al. in 2003,12 where I represents 

the current, s is the relative tip-sample distance. The biggest difference compared with 

STM-BJ method is that there is no contact between tip and substrate in the STM- I(s) 

method.18 The avoiding of tip-substrate contact can protect the substrate surface. It is 

important when the substrate is very thin or soft. However, comparing with STM-BJ 

method, STM-I(s) has the limitation of the relative low rate of successful building 

molecular junction.  

By controlling the set-point current feedback, the STM tip is brought extremely 

close to the substrate, but avoiding the tip-substrate contact, as shown in Figure 4a. then 
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the STM tip is retracted to its original position at a pre-set speed until the molecular 

junction is completely cleaved, as shown in Figure 4a-4c, while the current versus 

distance I-s curves is recorded. 

 

 

 

Figure 4: An illustration of the STM I-(s) method. Thiol terminated molecules were bridged into gold 

STM tip and gold substrate, where (a) The tip approaches to the substrate surface extremely, but without 

contact. (b) Retraction of the STM tip pulling the molecular by the binding force between tip and 

anchoring group, the bridged molecule wire upright in the junction. (c) The STM tip/molecule/substrate 

junction cleaved when STM tip continues leaving the substrate. 
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Plateau characteristic I-(s) curves represent the success of building (single) 

molecular junctions. Here, two I-s curves from Au/6-methylthiohexyl 

isothiocyanate/Au system (Figure 5) worked as example to explain the plateau 

characteristics. The red curve, which contained an obvious plateau, is identified the 

forming of electrode/molecule/electrode junction, while the black curve shows an 

exponential conductance decay for an empty junction. Through statistical analysis of 

many I-(s) curves, the electronic properties of the target molecular junction could be 

obtained. Both these two STM based methods reply on the collection of many hundreds 

of such junction stretching traces and statistical analysis of the data.  

 

 

 

Figure 5: The typical I-(s) curves in measurements, the black curve shows an exponential conductance 

decay for an empty junction. While the red curve shows a characteristic plateau for a successful forming 

of (single) molecular junction. 
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1.2.1.3. Electrochemical controlled STM (EC-STM) technique 

Both of STM-BJ and STM-I(s) methods are propitious to measurements of 

conductance of (single) molecular junctions with a wide range of environments, 

especially, they can be applied in electrolyte solution and provided the electrochemical 

control to the bridged molecules.19 The EC-STM technique could be considered as 

adding an external electrochemical gating to the molecular junction that linked between 

STM tip and substrate.  

As seen in the Figure 6, a liquid cell is used to provide the electrolyte solution 

environment to the molecular junction. There are four electrodes in the EC-STM set-

up, including two working electrodes (STM tip and substrate), a counter electrode, and 

a reference electrode, as shown in the inset of Figure 6. This four-electrode 

bipotentiostat configuration allows independent electrochemical potential control and 

the STM tip and substrate bias voltage. In measurements, the STM tip should be coated 

with non-conductive material to minimize the Faradic current. In experiments, the 

electrochemical gating is considered as the “electrolyte gating” which relies on the 

formation of electrochemical double layers along the STM tip-substrate channel. 
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Figure 6: Schematic diagram of the electrochemical STM-based I-(s) technique, the inset shows four 

electrodes system with two working electrodes (STM tip and substrate), Pt counter electrode and Pt 

reference electrode. The counter and reference electrodes provide. 

 

This technique can be applied in electrolytes and with full electrochemical control 

of both contacting electrodes which is an inspiring development in both of 

electrochemistry and molecular electronics. In this EC-STM configuration, current 

transport through the bridged molecule can be monitored as the electrode potential of 

the STM tip and substrate are changed.12  
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1.2.2. Mechanically controlled break junction (MCBJ) technique 

The MCBJ method was developed by Muller and coworkers.20 The working 

principle is depicted in Figure 7. The most basic principle of MCBJ method consists a 

stretching a thin metal wire by bending the substrate with an extremely precise 

mechanical control until the metal wire snaps providing two separate electrodes. The 

positions of the pushing rod and the two counter supports were controlled by the piezo 

drive or motor. The elastic substrate is deflected by the pushing rod in a three-point 

bending configuration. After breaking with appropriate size (d), it is possible for 

(single)molecules to bridge this gap, resulting in the production of conductance plateaus. 

In measurements, the collected voltage versus current signal can represent the 

conductance of the bridged molecule.   

 

Figure 7: Working principle of the MCBJ method to build (single) molecular junction.  
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1.2.3. Conducting-atomic force microscope (C-AFM) technique 

C-AFM is another important technique to build and identify the (single) molecular 

junction. This technique was introduced by Leatherman et al. in 1999.22 In order to 

explain the reliability of C-AFM method and the effect of chemically bonded contact 

in C-AFM measurements, Cui et al. have measured a well studied octanethiol 

monolayer system.23 The principle of C-AFM technique is shown in the inset of Figure 

8, which is using a conducting AFM probe to locate and contact individual particles 

bonded to the self-assembled monolayer (SAM). Different from STM method, which 

is controlled by the tunneling current feedback, AFM is controlled by a force feedback 

loop. In the measurements, the relative current versus voltage (I-V) curves, as shown in 

Figure 8, were recorded to present the conductance behavior of the bridged molecules.  

 

Figure 8: The characteristic I-V curves in C-AFM measurements. Inset: schematic representation of the 

C-AFM measurements. [Copyright, American Association for the Advancement of Science, Ref. 23] 
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1.3. The conductance of single molecular junction 

A good understanding of how electron transport through a single molecule is 

important for building controllable molecular devices. For conventional metallic wires, 

their conductivity can be expected by the Ohm’s law.  Based on the Ohm’s Law the 

resistance of a wire can be calculated as:  

                     𝑅 =
𝑉

𝐼
                       (1) 

Where, R is resistance, V is voltage, while I is current. The relative conductance is 

defined as the potential for a wire to conduct electricity. For a conventional metallic 

wire, conductance is the measure of how easily electrical current can pass through a 

material, it is expected as: 

                   𝐶 =
𝐼

𝑉
=

1

𝑅
                     (2) 

Where C is conductance, which is the inverse (or reciprocal) of electrical resistance. 

In atomic scale, Sharvin had described an idea for an experiment which produce 

inside a metal single crystal.24 They considered that if the potential difference between 

the two half-spaces is eV, the conduction electrons passing through the orifice should 

change their velocity by the amount 

                  ∆𝜈 = ±𝑒𝑉/𝑃𝐹                    (3) 

Where 𝑃𝐹  is the Fermi momentum. The further conductance (G) for a circular 

ballistic point-contact can be obtained by  

                  𝐺 =
2𝑒2

ℎ
(

𝜋𝑅

𝜆𝐹
)

2

                    (4) 

Where 𝜋𝑅2 is the contact area, 
2𝑒2

ℎ
 is a proportionality constant with quantum 

nature. It is worth to notice that, for ballistic point contacts the conductance is 

proportional to the contact area, like in Ohm’s Law. 

When size of the contact becomes small that the wave nature of an electron can not 

be neglected. Rolf Lamdauer25 proposed that in order to get the conductance of a 

molecular junction, one should find the current-carrying eigenmodes, calculate their 

transmission values and sum up their contributions. Mathematically, the conductance 
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of the single molecule junction is calculated using the Landauer formula, shown below 

in Equation 5. 

                𝐺 =
2𝑒2

ℎ
∑ 𝑇𝑛

𝑁
𝑛=1                      (5) 

This formula sum over all available modes of conduction, 𝑇𝑛 are the transmission 

coefficients. When the transmission is perfect, ∑ 𝑇𝑛
𝑁
𝑛=1 =1, it contributes one quantum 

unit of conductance, where 𝐺 = 𝐺0 =
2𝑒2

ℎ
=77400nS. 

Experimentally, the conductance of a molecular junction could be measured by the 

current/voltage characters, where 

                       𝐺 =
𝐼

𝑉
                          (6) 

Where G is the measured conductance, I is the current through the (single) 

molecular junction, while V is the applied bias in experiments. 
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1.4. Factor of conductance of molecular junction 

The conductance of a (single) molecular junction is mainly composed of three parts: 

electrode, electrode-molecule contact, and the linked molecule. In other words, the 

conductance of molecular junction can be tuned with the selection of the anchoring 

groups and electrode materials. 

 

1.4.1. Anchoring group 

Anchoring group plays an essential role in building (single) molecular junctions. 

An ideal anchoring group is expected to possess following three characteristics: long 

stretching distance with sufficiently high junction formation probability; small 

conductance variation in molecular junction; and relatively high conductance. 

Over the last decades a large library of anchoring groups has been amassed, 

including, but not limited to: thiol (-SH),10,26-34 amine(-NH2),
34-37 carboxylic acid, (-

COOH)38-41 isocyanide (-NC),31,42,43 cyano (-CN),44,45 trimethylsilylethynyl (-

CCSiMe),46 pyridine47, isothiocyanate (-NCS)48, methyl thiol (-SCH3)
49. methyl 

selenide(-SeCH3)
49, nitro (-NO2),

50-52 selenol (-SeH),53 hydroxy(-OH),37 even some of 

carbon-based group such as fullerene. 54-56 

The effect of different anchoring group in (single) molecular junctions has been 

discussed in significant amount of previous researches. Chen et al.38 have systematically 

compared the conductance of aromatic molecular wires with -SH, NH2, and -COOH 

anchoring groups. Their study showed that the conductance of a same molecular 

junction (Au/molecule/Au) system is decreased with the following sequence: -SH>-

NH2>-COOH.  They explained their experimental observations to different molecule-

electrode coupling and the alignment of the molecular energy levels relative to the 

Fermi energy level of the electrodes which was introduced by different anchoring 

groups.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

Tan et al.31 have designed a series of experiments to study the effect of contact 

coupling strength and contact chemistry through systematically varying the anchoring 

groups (-SH, -NC) of the aromatic molecules. They have modeled the transport 

properties of thiol and isocyanide terminal junctions to analyze the sign dependence of 
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the thermopower on the contact, as shown in Figure 9. The transmission function 

showed that transport in thiol terminal junctions is dominated by HOMO channel, while 

isocyanide junctions was dominated by the LUMO channel. Their study further 

indicated that the thermopower of thiol-terminated junctions is positive in sign, while 

the thermopower of isocyanide-terminated junction is negative in sign.  

 

 

Figure 9: a) Computed transmission functions for the Au/aromatic dithiol/Au junction. b) Computed 

transmission functions for the Au/aromatic diisocyanide/Au junction. [Copyright, American Chemical 

Society. Ref. 31] 

 

1.4.2. Binding geometry 

For a given molecular structure, multiple conductance values are frequently 

observed and ascribed to distinct binding modes of the contact at each of the molecular 

terminal. Different binding geometries can produce different conductance behavior 

even to the same molecule/electrode contact. In molecular junction, among the tilt-

angle of the molecule to the surface, the site of binding on flat terraces or step edges, 

and adjacent neighboring adatoms could affect the conductance behavior.57,58 For 

example, the Au/SH contact always produces variable conductance. Especially, 1,4-

benzene dithiol (BDT) with Au/Au contacts attracts widely interests as it has been a 

long-studied model junction,10, 26, 27,32, 33,59-61 the reported conductance value ranges 

from 10-4 G0 to around 10-1 G0 (7.7nS to 7740nS), where 𝐺0 = 2𝑒2/ℎ, while most of 

these studies demonstrated a broad peak in 1D conductance histogram. Ulrich et al.26 
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have compared the conductance behavior of Au/BDT/Au system that measured under 

room temperature (293K) and low temperature (30K). Their experimental results 

showed that there was a broad distribution of conductance, while no one unambiguous 

conductance peak could be observed in 1D histogram in either at room temperature or 

low temperature as shown in Figure 10. They further attributed this conductance 

behavior of Au/BDT/Au system to the variation of junction’s geometry. Kim et al.32 

have predicted that the large variation occurs because the BDT molecule may adopt 

several conformations. Sergueev et al.33 have concluded that the conductance of the 

BDT junction depends strongly on both the separation between the contacts and the 

trapping configuration of the BDT molecule, and the stretching of the junction results 

from pulling the gold atom out of the electrode accompanied by a sudden rise in the 

conductance. 

 

 

Figure 10: The 1D conductance histograms of Au/BDT/Au system that measured under room 

temperature (a) and low temperature (b). [Copyright, ACS Publications, Ref.26] 
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1.4.3. Electrode materials 

1.4.3.1. Metal electrode in molecular junction 

The electrode material can directly affect conductance of (single) molecular 

junctions through molecule-electrode coupling effect. So far, in molecular electronics, 

well studied molecular junction systems mainly use metal electrodes to build 

metal−molecule−metal (MMM) junctions. Gold is the most widely used electrode 

material for the assembly of molecular junctions because of its good chemical stability, 

good electrical conductivity, ease of fabrication, and absence of a surface oxide under 

most ambient measurement conditions. Moreover, gold can form strong 

metal−molecule covalent bonding such as in Au−S, Au−N(H)x, and Au−(OOC−) to 

contribute stable molecular jucntions.10,38  

The possibility of using Ag,62,63 Pt,48,64 Pd,48 Cu62 and Ni64,65 as electrode material 

to form (single) molecular junctions have been explored in many previous studies. Peng 

et al.62 have studied the conductances of dicarboxylic acid terminated alkane 

(HOOC−(CH2)n−COOH, where n is the number of methylene (n=1,2,3,4,5), binding to 

Cu and Ag electrodes respectively using STM-BJ method. They found that the different 

electrode could contributed the different decay constant as shown in Figure 11. They 

explained that this difference could be attribute to the different electronic coupling 

efficiencies between molecules and electrodes.  
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Figure 11: Natural logarithmic plots of single-molecule conductance vs number of (−CH2) units for 

molecular junctions formed with a) Ag and b) Cu electrodes. [Copyright, ACS Publications, Ref.62] 

 

1.4.3.2. Non-metal electrode material in molecular junction 

Although gold is the most used and studied electrode material to build (single) 

molecular junction, the drawbacks of gold electrodes in practical devices are also 

apparent including their noncompatibility with complementary metal-oxide-

semiconductor (CMOS) technologies as well as their surface mobility and the rising 

price. To tackle these issues, there is an increasing trend in the community to establish 

the use of nonmetallic electrodes. To date, the measurements of individual molecular 

junctions using nonmetallic electrodes, such as indium−tin oxide (ITO),66,67 

semiconductors such as gallium arsenide68,69 and silicon70-74 and carbon-based 

materials,75−82 have been demonstrated. 

These previous studies provided the possibility and the reliability of using of non-

metal material as the electrode component. Among these non-metal materials, carbon-

based materials are the most common but also the most fathomless materials in the 

world, which could form the hardest diamond to the soft graphite. The discoveries of 

fullerene,83 carbon nanotube,84 and graphene85 have inspired a new wave of research at 

the time, especially the graphene. In 2004, two Russian scientists found that the carbon 

atoms form monoatomic layer material through sp2 hybridization with a stable 

hexatomic ring unit. This kind of material that possessed perfect two-dimensional (2D) 

structure was named as graphene. Till now, zero-dimensional fullerene, one-
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dimensional carbon nanotube, two-dimensional graphene, and the three-dimensional 

graphite have made the carbon materials become an integrated system. Graphene is the 

thinnest 2D material in the world with the thickness is only 0.35nm. As the most 

promising 2D material so far, graphene shows many advanced physical and chemical 

properties. For example, graphene has super high strength which could achieved 130 

GPa.86 It also has high carrier mobility of 15000𝑐𝑚2 ∙ 𝑉−1 ∙ 𝑠−1 ,5 which is twice 

higher than indium antimonide and ten times higher than commercial silicon slice. 

Under a specified condition, such as ultra-low temperature, the carrier mobility of 

graphene even can up to 250000 𝑐𝑚2 ∙ 𝑉−1 ∙ 𝑠−1 .87 The thermal conductivity of 

graphene can attain 5000 𝑊 ∙ 𝑚−1 ∙ 𝐾−1, which is three times higher than diamond.88 

In addition, graphene still has some special properties, such as room-temperature 

quantum hall effect,89 and room-temperature ferromagnetism.90 

Based on this novel graphene electrode material, Zhang et al.76,77 have 

demonstrated the conductance properties of thiol, amine and carboxylic acid terminated 

alkane chain in the asymmetry Au/molecule/graphene junctions using STM-I(s) 

technique in air condition. The configuration of this kind of Au/molecule/graphene 

junction was shown in the inset of Figure 12. Their studies presented that graphene 

material could have a good performance in building molecular junction. Their research 

has given rise to some interesting findings that amine terminated group showed higher 

conductance than thiol terminated group in Au/graphene contact, which is opposed to 

their conductance properties in Au/Au contact. In addition, there is a big difference 

compared with Au/molecule/Au system, where the resulting attenuation factor of 

Au/molecule/graphene is much lower, as shown in Figure 12. This effect was 

considered by the asymmetric coupling of the molecule through strong chemisorption 

at the molecule-gold contact, and weak van der Waals contact at molecule-graphene 

contact.  
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Figure 12: The measured and theoretical calculated conductance behavior of Au/thiol terminated 

alkane/graphene, Au/thiol terminated alkane/Au, Au/amine terminated alkane/graphene and Au/amine 

terminated alkane/Au junctions. The inset illustrated the construction of Au/molecule/graphene using 

STM-I(s) technique. [Copyright, ACS Publications, Ref.76] 

 

1.5. Charge transport mechanisms 

A main challenge in molecular electronics is the understanding of how does the 

electron transport through the single molecular junction. There is also a major research 

question in molecular electronics that how to identify the charge transport mechanism 

from the experimental measurements results. In general, the charge mechanism could 

be represented by I-V characteristics, and the temperature dependence and voltage 

dependence. 

Five most possible of charge transfer mechanisms are listed in Table 1. They are, 

respectively, tunneling, Fowler-Nordheim tunneling, thermionic emission, Poole-

Frankel emission and hopping mechanisms, which are identified by their temperature 

and the voltage dependence. Here we can find that only conductance by direct 

tunnelling and Fowler-Nordheim tunneling does not requires thermal activation.91  
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Table 1: The possible conduction mechanism in molecular junction, where I is the current, V is the bias 

voltage, φ is the barrier height, d is the barrier length, while T is the measurement temperature.  

Mechanism Conduction Behavior 
Temperature 

dependence 

Voltage 

dependence 

Direct tunneling92 𝐼 ∝ 𝑉𝑒𝑥𝑝(−
2𝑑

ℎ
√2𝑚𝜑) none 𝐼 ∝ 𝑉 

Fowler-Nordheim 

tunneling92 
𝐼 ∝ 𝑉𝑒𝑥𝑝(−

4𝑑√2𝑚𝜑2/3

3𝑞ℎ𝑉
) none ln (

𝐼

𝑉2
) ∝

1

𝑉
 

Thermionic 

emission92,93 
𝐼 ∝ 𝑇2𝑒𝑥𝑝(−

𝜑 − 𝑞√𝑞𝑉/4𝜋𝜖𝑑

𝑘𝐵𝑇
) ln (

𝐼

𝑇2
) ∝

1

𝑇
 ln (𝐼) ∝ 𝑉1/2 

Poole-Frankel 

Emission94 𝐼 ∝ 𝑇2𝑒𝑥𝑝(−
𝑞(𝜑 − √𝑞𝑉/𝜋𝜖𝑑

𝑘𝐵𝑇
) ln (𝐼) ∝

1

𝑇
 ln (

𝐼

𝑉
) ∝ 𝑉1/2 

Hopping92 𝐼 ∝ 𝑉𝑒𝑥𝑝 (−
𝜑

𝑘𝐵𝑇
) ln (

𝐼

𝑉
) ∝

1

𝑇
 𝐼 ∝ 𝑉 

  

 

 

 

Figure 13: The illustration of these five different charge transport mechanisms: (a) Direct tunneling, (b) 

Fowler-Nordheim tunneling, (c) Thermionic emission, (d) Poole-Frankel Emission and (d) Hopping. 

 

The more visualized charge transport mechanisms are shown in Figure 13, where 

𝜑 is the barrier height while d is the barrier length. The explicit voltage and temperature 

dependence are coming from Simmons model,95 which identified a general current 
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tunneling density of a molecular junction as an arbitrary barrier, as shown below in 

Equation. 

𝐽 = 𝐽0{𝜑 exp(−𝐴√𝜑) − (𝜑 + 𝑒𝑉)exp (−𝐴√𝜑 + 𝑒𝑉)}       (7) 

where J is the zero-temperature net current density, with 

𝐽0 =
𝑒

2𝜋ℎ𝛼2𝑑2      (8) 

 and A is identified as: 

𝐴 =
2𝛼𝑑

ℏ
√2𝑚      (9) 

Where 𝛼 is the dimensionless correction factor, that can be further simplified in 

Equations depending on the applied bias voltage. The first two mechanisms, tunneling 

and Fowler-Nordheim tunneling are coherent tunneling through a potential barrier. 

When the charge transport was dominated by tunnelling, electrons are transmitted from 

one electrode to the other electrode often without any charge residing on the bridged, 

and without the need for thermal activation.92,96 The first direct tunneling (Figure 13a) 

happens at low bias range, where the applied bias between two electrodes is much lower 

than the barrier height (𝜑). Correspondently, the Fowler-Nordheim tunneling (Figure 

13b) occurs when the applied bias is higher than the average barrier height. Both of 

these two tunneling mechanism are independent with temperature, so the relative I-V 

curves are insensitive to the change of temperature. It is worth noticing that, in tunneling 

process, there is an important exponential dependence with distance (molecular length) 

and conductance.32 This characteristic can be quantified by the attenuation factor (𝛽): 

𝐺 = 𝐺0(−𝛽𝐿)      (10) 

Where G is the conductance. L is the length of the bridged molecule tween two 

electrodes that could be also considered as the barrier width. Chen et al. have measured 

the conductance behavior of thiol, amine, and carboxylic acid terminated alkanes with 

gold/gold contact, they summarized that, for this Au/terminal alkane/Au system, among 

the characteristic I-V traces (Figure 14a), temperature independence (Figure 14b), and 

exponential decay of the conductance with the molecular length indicated tunneling is 

the dominated conduction mechanism (Figure 14c). 
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Figure 14: I-V characteristic traces of Au/COOH-(CH2)4)-COOH/Au junction, (b) Conductance vs 

temperature plots for Au/COOH-(CH2)4)-COOH/Au, (c) Logarithmic plots of conductance versus 

molecular length for Au/terminal alkane/Au systems. [Copyright, ACS Publications, Ref. 38] 

 

The thermionic emission charge transport mechanism occurs when the electrons 

are excited over the potential barrier rather than tunneling through the potential barrier, 

as shown in Figure 13c. In this process, the charge obtained extra energy by thermal 

activation. This thermionic emission process is strong dependent with temperature. This 

kind of thermionic emission generally occurs when the barrier potential is relatively 

low.  Chen et al.93 have reported this thermionic emission mechanism by measuring 

the conductance behavior of metal/1,4-phenylenediisocyanide/metal junctions, as 

shown in Figure 15a. They discovered a distinct linear relationship between ln (
𝐼

𝑇2) 

and 
1

𝑇
, as shown in Figure 15b, which is the characteristic of thermionic emission. 
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Figure 15: Illustrate of Au/1,4-phenylenediisocyanide/Au junction, (b) The slopes of  ln (
1

𝑇2) 𝑣𝑠.
1

𝑇
, 

which measured in -0.01V bias to -1 V bias, showed a clear linear dependence. [Copyright, Elsevier, Ref. 

93] 

 

There is another thermally active transport mechanism called Poole-Frankel 

Emission, as shown in Figure 13d. This kind of charge transport conduction mechanism 

occurs in semi-conductor systems, which is reported by Sharma et al. in 1991.94 They 

have measured and plotted the current density versus square root of the field across AI-

Y2O3 -Si, which showed a linear relationship. Their study confirmed that Poole-Frankel 

emission was the dominant conduction mechanism in Y2O3 films at higher fields.  
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Hopping conduction is also an important charge transport mechanism. In hopping 

conduction, when electrons transmit from one side electrode to another electrode, they 

can localize at certain points within the bridged molecular wire, and hop through the 

points, as shown in Figure 13e. This kind of charge transport mechanism often seen for 

relative longer and complicated molecules in junction, such as redox active metal centre 

complex,97,98 DNA,98-100 and some of oligomers.101-105 Because the electrons would 

resident on the bridged molecule, the path of the transporting is multiple. It is makes 

sense that there is a weak relation between conductance and molecular length.  

For a redox active bridged molecule, the hopping mechanism has been further 

explained by a Kuznetsov-Ulstrup two step charge transmission model,106 when 

measured by STM technique with an electrochemical control. It is worthy to notice that, 

in this model the interaction of the redox group with both metals is weak, corresponding 

to totally nonadiabatic electronic transitions. Under the totally adiabatic limit, the 

electron transfers from the redox centre of bridged molecule to the right electrode Fermi 

level before the redox molecular level has fully relaxed, the molecular level then returns 

to the energy of the oxidised species allowing the next electron to move onto the point 

which increased the current. The electric current through the contact following this two-

step hopping mechanism can be described with Kuznetsov -Ulstrup model as 

Equation.107 

𝑗 = 𝑒
𝑘1𝑘2−𝑘2′𝑘1′

𝑘1+𝑘2+𝑘1′+𝑘2′
      (11) 

Where 𝑘1 is the rate constant for electron transport from left electrode to the redox 

centre of bridged molecule, while 𝑘2 is the rate constant for the electron transport from 

redox centre to the right electrode. 𝑘1′ and 𝑘2′ is the relative reverse transition. 𝑒 is 

the elementary charge. And on this basis, Zhang et al.108 updated the Equation 11 

through neglecting the weak dependence of the reorganization energy on the redox 

centre within the tunnel gap to describe the enhanced current (𝐽𝑒𝑛ℎ) following across 

the molecular junction as a result of charge transport following the two-step adiabatic 

model.  
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𝐽𝑒𝑛ℎ ≈ 𝐽0exp (−
𝜆

4𝑘𝑇
)

exp (𝑒|𝑉𝑏𝑖𝑎𝑠|4𝑘𝑇

cosh (
𝑒(0.5−𝛾)𝑉𝑏𝑖𝑎𝑠−𝑒𝜉𝜂

2𝑘𝑇
)
      (12) 

 

Where λ is the reorganization energy, k is the Boltzmann constant, T is the 

temperature, γ is the fraction of the bias drop at the redox site, and ξ is the 

electrochemical gating parameter.  

 

1.6. Research aim 

After viewing the development of molecular electronics, we realized that there are 

many factors can affect the conductivity of an individual molecular junction. A good 

understanding of theses complex conductance effects is important for building a 

controllable true molecular device. In order to realize the practical application of single 

molecular devices in the future, systematic exploring research are needed.  

In general, the research in this project focus on the determining factors of 

conductivity of (single) molecular junctions, such as electrode material, anchoring 

group, the intrinsic properties of the bridged molecule, the electrode/molecule coupling, 

the data analysis method, and the environments.  

In previous studies, gold was the most used electrode material to form (single) 

molecular junctions. However, there are many challenges of building molecular 

junctions with Au/Au contact, such as the non-compatibility with complementary 

metal-oxide-semiconductor (CMOS) technologies, the surface mobility and the high 

cost. The first focus of study was aimed at using carbon based 2D graphene as a 

potential material to replace one side of metal electrode to construct robust and 

repeatable (single) molecular junctions with STM-I(s) technique.  

The conductance of series of alkane based molecular junctions has been system 

systematically studied in our previous researches.76-78 The experimental results showed 

that conductivity of these saturated chain shape molecular wire is relatively low, 

especially for longer alkanes, such as the conductance of Au/1,12-

dodecanedithiol/graphene measured as low as 2.4nS.76 Therefore, in this study, we hope 

to find a molecular junctions system that has higher conductivity. Molecules with 
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conjugated structure were considered have better performance in electron transport. 

Therefore, the conductance behavior of a series of poly(p-phenylene) based molecules 

with different anchoring group has been systematically investigated.  

Based on STM-I(s) technique, we obtain the conductance value of each molecular 

junction relied on a data selection process to remove the noisy I(s) traces. An accurate 

evaluating of the stochastic nature of electronic properties of (single) molecular 

junctions required large conductance traces data sets to obtain the full detail of a 

molecular system. In order to avoiding the bias that happened in manual selection, an 

unsupervised MATLAB algorithm was used in this research to analysis the most 

possible conductance value. 

In molecular electronics, the final challenge is realizing a true three-terminal single 

molecular devices. In this research, we aim to achieve the controllable molecular three 

terminal devices through an electrochemical gating. Here, a redox active 6V6 molecule 

was synthesised, and ionic liquid was used as the electrolyte to provide a stable 

measurements environment. Both the electrochemical properties and conductivity of 

the 6V6 wire are attractive. We aim at investigating the conductance behaviors of 

Au/6V6/Au and Au/6V6/graphene were measured as a function of electrochemical 

potentials to reveal the electrochemical gating effect in (single) molecular junction. 
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2 Chapter 2: Conductance of conjugated molecular wire 

2.1. Preface 

This research was carried out in collaboration with the theoretical calculation by 

Dr. Yannic J Dappe (CEA, CNRS, France). I will present my experimental work on the 

conductance measurements of series of molecular junctions. This research was 

published with the title is, “Graphene-Contacted Single Molecular Junctions with 

Conjugated Molecular Wires”, and reproduced with permission from ACS Applied 

Nano Material, 2019 (DOI: 0.1021/acsanm.8b01379). 

In this study, we have determined the electrical properties of amine and thiol 

terminated poly(p-phenylene) molecular wires bound either between two gold electrode 

contacts (Au/Au) or between a gold contact and a graphene electrode (Au/graphene). 

These different junctions were studied using a STM-I(s) technique. We show that for 

these molecular targets, junctions formed with Au/Au electrodes have higher 

conductance than those formed with Au/graphene electrodes. The measured 

conductance decays exponentially with an increase in the number of phenyl rings, 

giving a decay constant that is similar for amine and thiol terminated molecular 

junctions with Au/graphene system. This work reveals that poly(p-phenylene) chains 

are similarly coupled to either gold or graphene electrodes, independently of the 

anchoring group, and that the transport properties are essentially dominated by the 

intrinsic molecular properties. 
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2.2. Introduction 

In the previous studies of our group,76-78 there is a systematically explored the 

deployment of graphene electrodes for the formation of hybrid Au/“alkane”/graphene 

junctions with various anchoring groups being employed, namely thiol, amine, and 

carboxylic acid. It was found that the decay constant of hybrid Au/“alkane”/graphene 

junctions is much lower than that of the symmetric Au/“alkane”/Au junctions. 

Consequently, we showed that using graphene as one of the electrodes may lead to 

more-conductive molecular junctions at longer lengths for saturated molecules with 

polymethylene backbones. Having developed the methodology for single molecule 

electrical measurements with graphene, we now move our focus from polymethylene 

(“alkane”) to poly(pphenylene) (PPP)-based compounds, since molecular junctions 

with polymethylene backbones are fairly benign, as they act as rather resistive and 

passive molecular bridges. Such use of a more-conductive PPP bridge can be seen as a 

step toward developing more highly conducting molecular electronic junctions down 

to the single molecular level with graphene/ molecule junctions, which might inspire 

future functional hybrid molecular/solid-state technologies. 

There is also a great interesting to research the role of a conjugated effect in a 

molecular junction. To describe this conjugation effect, Venkataraman et al.109 have 

designed a series of experiments which measured the conductance of biphenyl 

molecules by STM-BJ method. They modified the substituent group to further control 

the angle between the two phenyl rings, as shown in Figure 16a. The conjugated effect 

of the molecule (named as 2, 4, 6, 8) decreased with the increasing of the twist angle 

(from 0°  to 88° ). They found that the relative conductance increased with the 

conjugated effect obviously (Figure 16b). 
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Figure 16: (a) Illustrating the target biphenyls, shown in order of increasing twist angle with decreasing 

conjugation. (b) Conductance value obtained from measurements. [Copyright, Springer Nature, Ref. 109] 

 

Till now, there are many significant previous studies have shown that conjugated 

molecular wires with delocalized π electrons, such as oligophenyls110, 

oligothiophenes,111  tetrathiafulvalene (TTF)112 are better candidates for long-distance 

charge transport studies because of the lower attenuation factor compared to saturated 

molecular bridges in metal/metal contacts.113-115 Moreover, for MMM junctions, 

molecular conductance measurements using both saturated and conjugated compounds 

have clearly shown that the electrical properties of the individual molecular junctions 

are not only strongly determined by the chemical and electronic properties of the target 

molecules but also critically dependent on the terminal group, binding geometry, and 

the electrode materials.10,62-85, Therefore, research into how the graphene electrode 

affects the conductance and the attenuation factor of the conjugated molecular junction 

is of fundamental importance in the field of molecular electronics.  
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2.3. Research Aim 

In this study, systematic measurements and comparison of the conductances of four 

different series of conjugated molecular junctions has been undertaken. This includes 

Au/(amine-terminated PPP)/Au, Au/(amine-terminated PPP)/graphene, Au/(thiol-

terminated PPP)/Au, and Au/(thiol-terminated PPP)/graphene systems. Note that the 

graphene electrode has been chosen for its weaker interaction with the molecule, 

through van der Waals interactions between the thiol (−SH) terminal group and 

graphene, contrary to the strong chemisorption interaction through Au-thiolate (−S, the 

hydrogen atom being removed during the chemisorption process) bonding at the gold 

electrode contact. We show that the molecular junction conductance falls exponentially 

with the length of the molecular backbone for these four series of molecular junctions. 

More importantly, similar decay constant values have been obtained for Au/(thiol-

terminated PPP)/ graphene and Au/(amine-terminated PPP)/graphene junctions. 

Density functional theory (DFT) calculations reveal that the symmetry characteristics 

of the molecular wave function are similar whether using gold−gold or gold−graphene 

electrode pairs. As a result, the electronic transport properties of the PPP are dominated 

by the intrinsic molecular properties with little impact of the coupling to the electrode 

or the anchoring group. 
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2.4. Experimental 

2.4.1. Sample preparation  

All the studied compounds are commercially available and were used as received. 

The molecular structures of 1,4-benzenedithiol (1a), biphenyl-4,4'-dithiol (2a), p-

terphenyl-4,4
″
-dithiol (3a), 1,4-diaminobenzene (1b), biphenyl-4,4'-diamine (2b), and 

p-terphenyl-4,4″- diamine (3b) and 1,4-benzene dimethanethiol (BDMT) are shown in 

Figure 17 a, b, and c. Figure 17d shows the expected gold/molecule/graphene junction 

that forming by STM-I(s) technique. 

 

 

Figure 17: a) Molecular structures of 1,4-benzenedithiol (1a), biphenyl-4,4'-dithiol (2a), p-terphenyl-

4,4″-dithiol (3a), b) 1,4-diaminobenzene (1b), biphenyl-4,4'-diamine (2b), and p-terphenyl-4,4″- diamine 

(3b) and c) 1,4-benzene dimethanethiol (BDMT). d) Illustrating of the expected gold/molecule/graphene 

junction that forming by STM-I(s) technique.  
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Mesitylene (99%) was used as the solvent to provide a stable liquid environment, 

which was purchased from Aladdin. In each measurement, mesitylene was degassed by 

repeatedly sparging with nitrogen gas followed by an ultrasonic treatment to assist the 

degassing process. Then, a 1 mM solution of the compound in mesitylene was prepared. 

As shown in the Figure 18, there is no obvious peak during our maximum 

measurements range indicating the suitability of mesitylene as a solution.  

 

 

Figure 18: Conductance measurements of mesitylene with gold STM tip and gold substrate with STM 

I-(s) technique.  
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2.4.2. STM tip preparation 

The gold STM tips were fabricated by an electrochemical etching method reported 

in 2004 by Ren et al.116 The involving electrochemical etching processes are shown 

as:116  

Au + 4Cl- → AuCl4
- + 3e-, E0 = 1.002 V 

Au + 2Cl- → AuCl2
- + e-, E0 = 1.154 V 

AuCl2
- + 2Cl- → AuCl4

- + 2e-, E0 = 0.926 V 

For preparing the STM tip a gold wire with a 0.25 mm diameter was 

electrochemically etched using a mixture of hydrochloric acid and ethanol (volume 

ratio = 1:1) as etching solution, while an etching voltage of 5 V was applied constantly. 

The quality of the fabricated gold STM tip was checked by scanning electron 

microscope (SEM) with 15kV operating as shown in Figure 19. 

 

 

Figure 19: The SEM images of fabricated gold STM tips with the scan range of (a) 100 𝜇m, (b) 5 𝜇m. 
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2.4.3. Substrates  

The 1 × 1 cm size graphene substrates were purchased from Graphene Supermarket 

(US). Before the conductance measurement, the used graphene substrate was examined 

by the Raman spectroscopy. For the graphene spectrum, as shown in the Figure 20a, 

the major bands can be assigned to the sp2 in-plane vibration of carbon atoms (1580 

cm-1), which is referred as G peak. Another major band called G' peak or 2D peak 

appears at 2700 cm-1, which is associated to the disorder vibration peaks of graphene. 

The electron dispersion of multilayer and monolayer graphene is different, which leads 

to the obvious difference of Raman spectrum. The G' peak strength of single-layer 

graphene is greater than G peak, and with the increase of layers, the full width at half 

maximum (FWHM) of G' peak gradually increases and moves towards the high wave 

digit. In addition, the intensity of G peak increases approximately linearly with the 

increase in the number of graphene layers (within 10 layers), because more carbon 

atoms could be detected in the multilayer graphene.117-119 Through comparing the 

intensity and shape of G peak and G' peak, the graphene substrates used in our 

experiments were high quality multilayer graphene.  

In addition, the STM technique was used to describe the surface of the graphene 

surface. The 3D STM surface image of the graphene substrate was shown in Figure 20b, 

the height information was recorded. This 3D image showed that height difference in 

this graphene substrate is around 0.3nm. This height difference is similar with the height 

of a single layer of graphene.  
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Figure 20: (a) Raman spectrum of a typical graphene substrate (laser: 532nm); (b)3D STM image of 

graphene substrate (scan range:10nm×10nm, Vbias=300mV). 

 

  



[CHAPTER 2] 

 
38 

The 1 × 1 cm size gold substrate was purchased from Arrandee in Germany. Before 

building molecular junctions by STM I(s) technique, the gold substrate was annealed 

under a butane flame to obtain regular Au (111) surface. The Au (111) surface was 

detected by STM technique as shown in Figure 21. The ideal annealed gold substrate 

was shown in Figure 21a, that identified by the regular triangle patterns. Figure 21b 

showed a gold substrate surface with mixed crystal surface. This kind of mixed crystal 

gold surface is not accepted in building molecular junction because it is difficult to 

estimate the gold/molecule binding geometry.  

 

 

Figure 21: STM image of gold substrate (200𝑛𝑚 × 200𝑛𝑚) where (a) regular Au (111) substrate with 

clear triangle pattern, (b) mixed gold crystal surface. 
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2.4.4. Conductance measurements 

In this study, the STM noncontact I(s) technique was used to form single molecular 

junctions. Because of the non-contact nature between STM tip and substrate, the STM 

I(s) technique better protects the graphene (substrate) surface from tip intruded 

indentation and damage. A liquid cell filled with mesitylene was used to provide a 

stable environment for the substrate and molecular adsorbates. In this research, all the 

conductance measurements were performed under ambient air conditions. In the 

process of measurement, the gold tip was brought into close proximity with the 

graphene substrate surface with an STM set point current of 1 nA. Then, the tip was 

approached and retracted to a given distance (4 nm) from the substrate surface. The tip 

bias in each experiment was set at +0.3 V. Over 10 000 I(s) traces were collected during 

each measurement of the molecular junction. To select molecular junction forming 

retraction curves, a manual group sieving method was employed here. At first, noisy 

and pure decay I(s) traces were removed. The Y-axis (current) of remaining plateaus 

containing I(s) trace was divided into a few equal bins. The number of bins was 

normally set to 5 to 10 depending on the current measurement range (a large 

measurement range corresponds to a greater number of bins). The bins with the greatest 

number of I(s) traces indicated the most probable position of plateaus. After the I(s) 

traces were sieved, over 500 I(s) curves (which came from the bins with the most I(s) 

traces) were combined to make one-dimensional (1D) and 2D conductance histograms. 
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2.5. Results and discussion 

The conductances of Au/(amine-terminated PPP)/Au, Au/(amine-terminated 

PPP)/graphene, Au/(thiol-terminated PPP)/Au, Au/(thiol-terminated PPP)/graphene, 

and Au/BDMT/Au have been measured. For all these molecular junctions studied, 1D 

and 2D conductance histograms have been plotted. For each 1D conductance histogram, 

a clear peak dominates. In Figure 22a, we show 1D conductance histograms of 

Au/(thiol-terminated PPP)/graphene junctions. Each histogram reveals a broad and 

nonperfect Gaussian distribution peak indicating the most probable conductance values 

of 68.0 (Au/1a/graphene), 18.5 (Au/2a/graphene), and 5.00 nS (Au/ 3a/graphene). The 

conductance is clearly highly dependent on the number of phenyl rings in the target 

compound. In addition, there is a broad peak in the 1D histogram of the Au/ 1a/graphene 

junction with a FWHM value of 18.2 nS after the Gaussian peak fitting. The 

corresponding 2D histogram (shown in inset of Figure 22a) also reveals a broad 

distribution of conductance values, as indicated by the white ring.  
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Figure 22: (a) Normalized 1D conductance histograms of Au/1a/ graphene, Au/2a/graphene, and 

Au/3a/graphene (the inset shows the 2D conductance histogram of Au/1a/graphene, where the white ring 

indicates the distribution of conductance of the molecular junctions). (b) The normalized 1D conductance 

histograms of Au/1a/Au, Au/ 2a/Au, and Au/3a/Au (the inset shows the 2D conductance histogram of 

Au/1a/Au, where the white ring indicates the distribution of conductance of the molecular junctions). 
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In order to get a rigorous comparison with standard metallic junctions, we have 

also measured the thiol-terminated PPP molecules bound to a pair of Au electrodes. 

The 1D conductance histograms of Au/(thiol-terminated PPP)/Au are shown in Figure 

22b, and the inset shows the corresponding 2D histogram of Au/1a/Au junctions. Each 

of the 1D conductance histograms shows a very broad peak with nonperfect Gaussian 

distribution. This kind of broad peak is likely to arise from a combination of several 

individual peaks resulting from the flexible configuration of Au/(thiolterminated 

PPP)/Au systems, which agrees well with a previously reported statement of Ulrich et 

al.28 They found that the Au/(thiol-terminated PPP)/Au system has a high degree of 

static disorder (each manifestation of the junction is different from the previous one) 

and dynamic disorder (the junctions can switch spontaneously between different 

configurations). We have listed here the most probable conductance values of 

Au/(thiol-terminated PPP)/Au in Table 2, which are 645 nS for Au/1a/Au, 126 nS for 

Au/2a/Au, and 23.2 nS for Au/3a/Au. These conductance values correspond to the most 

likely molecular junction configuration being formed under our experimental 

conditions. The conductance value of 1a bound between gold electrode pairs has also 

been widely discussed in previous studies.10,26-29,120-123 However, on the basis of the 

diversity in the reported conductance values for 1a, it is clear that there is no a universal 

consensus. The reported conductance of 1,4-benzenedithiol (BDT) linked with Au 

electrodes ranges from 31 nS (4 × 10−4G0)
10 to 7740 nS (0.1G0),

29 and most of these 

studies displayed a broad peak in the 1D conductance histogram. Bürkle et al.124 have 

reported the conductance of Au/2a/Au junctions. They found the torsion angle between 

each phenyl ring could affect the conductance value of the molecular junction. Clearly, 

it is not straightforward to compare the conductance values for thiol-terminated PPP 

molecules in Au/ Au configurations reported from different research groups. 

In order to further explain the effect of conjugated effect, we measured the 

conductance of Au/BDMT/graphene and Au/BDMT/Au junctions to compared with 

BDT based molecular junctions. The measurement results of BDMT were showed in 

Figure 23a, that is 17.7nS for Au/BDMT/graphene and Figure 23b that is 91.2nS for 
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Au/BDMT/Au. The measured conductance value of BDMT is obviously lower than 1a 

in both of Au/Au and Au/graphene contacts. These results showed that the adding 

methylene units could decrease the conductance of the molecular junction by 

decreasing the degree of conjugation. These experimental are agrees well with a 

previously reported measurements from Xiao et al.27 They showed the conductance 

value of BDT is much higher than BDMT in Au/Au contact that measured by STM-BJ 

method. 

 

Figure 23: Normalized 1D conductance histogram of (a) Au/BDMT/graphene, (b) Au/BDMT/Au. 

 

We further explored the dependence of the conductance of single molecular 

junctions on the anchoring group and electrode material by considering also amine-

terminated PPP molecules in both Au/Au and Au/graphene configurations. The 

measured 1D conductance histograms are shown in Figure 24a (Au/(amine-terminated 

PPP)/graphene) and Figure 24b (Au/(amine-terminated PPP)/Au). The inset pictures in 

Figure 24a, b represent the individual I(s) traces of Au/1b/graphene (gray) and 

Au/1b/Au (dark yellow) junctions. These curves highlight the similarities and key 

differences between the Au electrode and graphene electrode. A clear plateau is seen 

around 58 nS for the formation of stable Au/1b/graphene junctions. In the case of using 

gold electrodes, we see a plateau appearing at a much higher conductance close to 500 

nS, which is attributed to the formation of Au/1b/Au junctions. 
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Figure 24: (a) Normalized 1D conductance histograms for Au/1b/graphene, Au/2b/graphene and 

Au/3b/graphene molecular junctions (the inset shows 2 individual I(s) traces for Au/1b/graphene 

junctions) (b). Normalized 1D conductance histograms for Au/1b/Au, Au/2b/Au and Au/3b/Au. 

 

Each 1D conductance histogram reveals the predominant peak corresponding to 

the most likely junction configuration, and it is clear that the conductance decreases 

exponentially with the number of phenyl rings in both systems. The measured details 

are listed in Table 2, and the following conductance values have been recorded: 478 

(Au/1b/Au), 82.0 (Au/2b/Au), and 30.0 nS (Au/3b/Au) as well as 58.2 

(Au/1b/graphene), 13.5 (Au/2b/graphene), and 3.50 nS (Au/ 3b/graphene), respectively. 
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The corresponding conductance values are obviously much higher for Au/Au systems 

when compared to Au/graphene systems, which we attribute to contact resistance. In 

addition, when comparing the Au/(thiolterminated PPP)/graphene system with the 

Au/(amineterminated PPP)/graphene system, it can be seen that the conductance values 

of the latter are slightly lower. 

 

Table 2: Conductance value and tunneling decay value for five types of molecular junction (The decay 

constant is per phenyl group). 

Molecular Conductance (nS) Decay constant 𝛽 

junctions Experiment Theory Experiment Theory 

Au/1a/graphene 

Au/2a/graphene 

Au/3a/graphene 

68.0 57.8   

18.5 22.7 1.31 1.10 

5.00 6.40   

Au/1b /graphene 

Au/2b/graphene 

Au/3b/graphene 

58.2 69.2   

13.5 12.0 1.40 1.17 

3.50 6.60   

Au/1a/Au 645 

 1.64  Au/2a/Au 126 

Au/3a/Au 23.2 

Au/1b /Au 

Au/2b/Au 

Au/3b/Au 

478    

82.0  1.38  

30.0    

Au/BDMT/graphene 17.7    

Au/BDMT/Au 91.2    
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Similarly, Venkataraman et al. have studied the length dependence of the 

conductance using the STM-BJ method for a range of amine-terminated molecules, 

including alkanes43 and oligophenyls.63, 79 In Figure 25a, we compare the natural 

logarithmic conductance plots of our experimental measurements with the ones 

reported by the Venkataraman group. The attenuation trend satisfies the equation 𝐺 =

𝐴𝑒𝑥𝑝(−𝛽𝐿), where 𝛽is the decay constant, 𝐿 is the number of phenyl groups, and 𝐴 

is a constant related to the interaction between the molecular target and the electrode, 

which reflects the contact resistance. The 𝛽value is readily calculated from the slope 

of the plot of ln (𝐺)versus 𝐿 . For Au/(amine-terminated PPP)/Au junctions, our 

experimental results (red) are in good agreement with the results presented by the 

Venkataraman group (green), which indicates that both the STM-BJ and STM-I(s) 

methods are effective for forming these gold contacted molecular junctions. More 

importantly, the measurements on Au/amine-terminated PPP/graphene junctions yield 

𝛽 = 1.40per phenyl group, which is essentially the same as Au/ amine-terminated 

PPP/Au junctions (𝛽 = 1.38 phenyl group). These experimental results show that the 

decay constant is essentially the same for amine-terminated PPP measured between 

Au/graphite (Figure 25a, blue, Venkataramn result) and Au/Au (Figure 25a, green) 

electrodes, which is in good agreement with the results reported in the literature.63,79 

Hence, we find that the decay constant 𝛽  of PPP-based molecular junctions is 

independent of the electrode material, contrary to alkane-based molecular junctions, 

where, importantly, the use of a graphene electrode reduces this decay.76,77 
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Figure 25: (a) Natural logarithmic plots of the conductance as a function of the number of phenyl rings 

for amine terminated PPP, experimentally measured for the Au/Au system (red) and in Au/graphene 

system (yellow). The green line shows literature data for Au/Au system,63 and the blue line shows 

literature data for Au/graphite system.79 (b) Natural logarithmic plot of the conductance as a function of 

the number of phenyl rings. The amine and thiol terminal groups have been compared in Au/graphene 

system. The yellow (blue) lines represent the experimental (theoretical) decay values of Au/(amine 

terminated PPP)/graphene junctions. The red (green) lines represent the experimental (theoretical) decay 

values of Au/(thiol terminated PPP)/graphene junctions. 
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To provide further insight into the experimental results, we have performed DFT 

calculations to model these molecular junction systems. In Figure 25b, we compare the 

experimental and theoretical attenuation trends of amine terminated PPP molecular 

junctions (experimental=yellow, theoretical=blue) and thiol terminated PPP molecular 

junctions (experimental=red, theoretical=green) for the Au/graphene system. The 

present experimental and theoretical results are consistent with each other. Moreover, 

both experimental and theoretical results produce similar attenuation factors for thiol 

and amine terminated molecular junctions in the Au/graphene case. For example, we 

note that the experimental measured conductance decay constant β is almost the same 

for Au/amine terminated PPP/graphene (1.40 per phenyl ring, or 0.33 Å-1) and Au/thiol 

terminated PPP/graphene (1.31 per phenyl ring, or 0.31 Å-1). This phenomenon is 

similar to our previous studies where we have obtained a similar decay constant for 

Au/alkanedithiol/graphene and Au/alkanediamine/graphene junctions.76.77 Table 2 

compares the details of experimental and theoretical electronic properties of these four 

series of molecular junctions. The corresponding calculated transmissions for Au/(thiol 

terminated PPP)/graphene and Au/(amine terminated PPP)/graphene are presented in 

Figure 26a and Figure 27a, respectively. 
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Figure 26: Calculated transmissions for the Au/(thiol terminated PPP)/graphene junctions (n=1, 2 and 

3). (b) DOS comparison for Au/3a/Au and Au/3a/graphene junctions. (c) and (d) representations of the 

Au/3a /graphene and Au/3a/Au junctions, showing the respective HOMO wavefunctions. 
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Figure 27: (a) Calculated transmissions for the Au/(amine terminated PPP)/graphene junctions (n=1, 2 

and 3). (b) DOS comparison for Au/3b/Au and Au/3b/graphene junctions. (c) and (d) representation of 

the Au/3b/graphene and Au/3b/Au junctions, showing the respective HOMO wavefunctions. 

 

In order to understand the similarities in the attenuation factors between gold-gold 

and gold-graphene junctions for the PPP based junctions, we have calculated the 

Density of States (DOS) for the three-phenyl chains in both gold-gold and gold-

graphene junction configurations. The results are presented in Figure 26b for the dithiol 

case and Figure 27b for the diamine case. As is shown, the DOS are very similar for 

gold-gold or gold-graphene junctions for both types of anchoring groups, in particular 

around the energy gap. In the case of amine groups, very small differences in the 

positions of the molecular levels can be observed, with however very little impact on 

the electronic transport properties of the junction, in agreement with the experimental 

data. This peculiar behaviour explains why the attenuation factors β remains the same 
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for both types of electrodes, since β mainly depends on the molecular electronic 

structure. Note that this result is very different from what has been obtained previously 

with alkane chains in the junctions,76,77 where the introduction of the graphene electrode 

resulted in a symmetry breaking in the junctions. Indeed, for the thiol groups, a global 

shift of the molecular electronic structure has been observed, whereas a splitting of the 

HOMO level occurred for the amine groups. In both cases, this symmetry breaking 

induced by the weak coupling of the graphene electrode with respect to the strong 

coupling of the gold electrode yielded importantly a reduction of the attenuation factor. 

Here the introduction of the graphene electrode does not bring the same symmetry 

breaking despite a weak coupling at the corresponding interface. This feature is further 

illustrated through calculations and corresponding visualisations of the HOMO 

isoelectronic DOS for both junctions. These are presented in Figure 26c and 26d for the 

dithiol and Figure 27c and 27d for the diamine.  For the different electrode types, 

namely gold and graphene, and both thiol and amine anchoring groups, the HOMO 

orbital presents the same out of plane π-symmetry which propagates well along the 

molecular backbone. In this respect, the electrodes and anchoring groups couple well 

with the molecular backbone orbital, ensuring the electronic propagation and a constant 

attenuation factor. This situation is rather different from the one observed in alkane 

chains where the coupling to the molecular chain of thiol or amine was notably 

different.76 
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2.6. Conclusion 

Using the STM-I(s) method, we have determined the electronic conductance and 

attenuation factor of the current in phenyl chain based molecular junctions, with both 

thiol or amine anchoring groups, using gold-gold or gold-graphene electrodes. 

Summarizing the experimental results detailed above, the following general 

observations can be made: 

(1) Both amine- and thiol-terminated PPP systems can form junctions with a 

graphene contact on one side and with gold as the other contact. 

(2) Conductance values for the Au/Au systems are much higher than the 

corresponding Au/graphene systems. 

(3) Conductance value for BDT is much higher than BDMT in both of Au/Au and 

Au/graphene contacts.  

(4) Au/(thiol-terminated PPP)/graphene junctions have slightly higher 

conductances than the corresponding Au/(amine-terminated PPP)/graphene systems. 

(5) The conductance attenuation with molecular length (β value) is broadly similar 

for Au/Au and Au/graphene systems, irrespective of whether amine or thiol terminated 

analogues are used. 

This contrasts with previous studies with unsaturated molecular chains (“alkane”) 

where the introduction of a graphene electrode drastically reduced the attenuation factor. 

These results are confirmed by DFT calculations, which show very little modification 

of the electronic DOS using gold-gold or gold-graphene electrodes. This result is 

explained by the π-symmetry of the HOMO orbital which couples well with all the 

anchoring groups and electrodes ensuring a propagation along the molecular backbone 

with consistently the same attenuation factor. As a consequence, the transport in phenyl 

chains is dominated by the intrinsic molecular properties and remains almost unaffected 

by the coupling to the electrode or the anchoring group. 
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3 Chapter 3: The conductance variation discussion of molecular 

junction based on an unsupervised data analysis approach. 

3.1. Preface 

Based on the research of Chapter 2, we found despite many advanced 

developments made to date, there is ongoing discrepancy on the measured conductance 

value for the same molecular junction system. Among our studies and many previous 

studies showed that different techniques or a slight changed in the experimental 

conditions, it can lead to a dramatic difference in the obtained conductance value. 

Especially, 1,4-benzene dithiol (BDT) with Au/Au contacts, Sergueev et al.33 have 

concluded that the conductance of the BDT junction depends strongly on both the 

separation between the contacts and the trapping configuration of the BDT molecule, 

and the stretching of the junction results from pulling the gold atom out of the electrode 

accompanied by a sudden rise in the conductance. Recently, Zheng et al.59 have 

measured the conductance of BDT with a combined mechanically controllable break 

junction (MCBJ) and in-situ surface enhanced Raman spectroscopy (SERS) method, 

they stated that the disulfide mediated dimerization (forming of S-S bond) of BDT 

contributed to the low conductance (10-4 G0) feature. These data strongly suggested that 

there is more than one possible configuration of the forming of Au/BDT/Au junction, 

resulting in distinct variation in the conductance value. The various conductance 

behavior of Au/thiol terminated poly (p-phenyl) (PPP)/Au system has been considered 

arisen from not only the nature of linked molecule but also the complex contact between 

the thiol anchoring group and gold electrode.125-128   In the measurement of the 

conductance behavior of an individual molecules, an accurate observation of the 

stochastic nature of the electronic properties of (single) molecular junctions requires 

collection of large data sets to obtain the full detail of a molecular system. The process 

of manual data selection greatly limits the data size. Here, an unsupervised MATLAB 

algorithm was introduced and further used to select and analysis the I(s) data. 
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3.2. Introduction 

For sulfur-gold contact in (single) molecular junctions, isothiocyanate (-S=C=N) 

has the advantage of possessing a π-conjugated double-bond moiety that presumably 

exhibits a relatively smaller impedance when it used as a anchoring group. Same as 

thiol group, isothiocyanate is also a high-affinity anchoring group to bind with gold.129 

Fu et al.130 has reported that the single-molecule conductance of Au/n-

butanediisothiocyanate/Au is an order of magnitude bigger than the conductance of 

Au/n-octanedithiol/Au. Similar as Au/PPP/Au system, multiple conductance behavior 

has been reported in previous research that two conductance sets were found for 

alkanediisothiocyanates in both of experimental130 and theoretical131 insights. The 

relative multiple conductances were ascribed by their different Au/SCN(CH2)nNCS/Au 

binding geometries. 

 

3.2.1. The idea of unsupervised data analysis  

The variability of conductance in molecular junction systems makes it especially 

meaningful to repeatedly record large amount of conductance data from the molecular 

junctions.  The bigger of the data capacity means the more detail of the molecular 

junctions could be discovered. Fu et al.130 have reported the 1D conductance histograms 

from 1000 traces without any preselection (as shown in Figure 28a) and from 274 traces 

preselected by removing noisy traces (as shown in Figure 28b) for 

Au/SCN(CH2)4NCS/Au junctions. The conductance peak was clearly identified after 

data selection. However, this manual selection limited the volume of I(s) data 

enormously, especially for the measurements using STM-I(s) technique. Because the 

STM-I(s) is a non-contact technique, compared with other break junction methods, the 

possibility of successful forming (single) molecular junction was relatively lower. In 

our STM-I(s) experimental set-up, the frequency for collecting the plateau traces was 

about 10%. In addition, it difficult to avoid conscious bias completely in manual 

selection process. In the actual measurements, analysing such datasets (around 10 000 

traces) is full of challenging, especially when we started with a little-studied molecular 

system or when there exists an undesirable prior expectation. 
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Here, a statistical method is suggested to analyze the possible molecular junction 

configuration by plotting one dimensional (1D) conductance histogram. In the simplest 

case, a single peak in a 1D conductance histogram resulting from plateau featured traces 

is usually taken to represent molecule junction formation and the most probable 

conductance value. Such a statistical analysis has been underpinning for obtaining the 

conductivity of single molecular junctions. However, for some complex systems, it is 

very hard to obtain an unambiguous single peak in 1D conductance histogram as 

mentioned previously. Therefore, the data selection became especially crucial for the 

conductance measurements.  

 

 

Figure 28: The 1D conductance histograms for Au/SCN(CH2)4NCS/Au from a) 1000 traces without any 

preselection, b) 274 traces preselected by removing noisy traces. [Copyright, American Chemical Society, 

Ref. 130] 
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3.2.2. The reported algorithm 

In molecular electronics, the flourish of the automatic computer technologies offers 

new insights to data selection and contributed to scalability of the analysis of charge 

transport in (single) molecular junctions. There is a realizing in measuring single 

molecular junctions that the formation of (single) molecular junction at room 

temperature is a stochastic event and is subject to fluctuations. Therefore, the 

interpretation of data and the statistical analysis method are extremely critical to obtain 

the conductance value of molecular junctions. The idea of unsupervised data analysis 

was proposed by Jang et al. in 2006.132 They have measured the conductance behavior 

of series of thiolalkanes with STM technique. For data analysis, they believed that the 

manual selection would leaded bias. They reported a new last-step analysis (LSA) 

method to clarify the contribution of these effects. In LSA method, only the last rapid 

drops parr of a conductance trace was used to plot the conductance histogram, and it 

does not require any manual data preselection, making the results less subjective and 

more reproducible. They compared the 1D histograms of Au/1,6-hexanedithiol/Au that 

obtained by LSA method (Figure 29a) and conventional method (Figure 29b). They 

further explained the difference of these two data selection methods that LAS method 

could avoid the influence of the background tunneling current, and present visible 

conductance peak.  

 

Figure 29: The conductance histogram of Au/1,6-hexanedithiol/Au that plotted by a) LSA method, b) 

conventional method. [Copyright, American Chemical Society, Ref. 132] 
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Till now, there are many well applied unsupervised data selection algorithm, which 

have been reported in previous studies.133,134 Lemmer et al. have introduced a basic 

philosophy of unsupervised data analysis compared with conventional data selection 

process, as shown in Figure 30a, and reported a new multiparameter vector-based 

classification (MPVC) algorithm.133 Their algorithm could separate the conductance 

traces in to different clusters relied on its plateau shape as shown in Figure 30b. Based 

on this algorithm, conductance traces could be divided into many groups on the 2D 

conductance mapping. 

More recently, the Deep Learning methodologies also has been applied in the 

molecular conductance analysis to help researcher to discover and identify hidden 

signals in (single) molecule charge transport data.134  

 

Figure 30: (a) Flowchart of conventional and unsupervised data analysis process. (b) Vector 

representation of the different shape of I(s) traces. [Copyright, Springer Nature, Ref. 133] 
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In 2018, our group also reported an efficient data sorting algorithm which is used 

specifically for the STM-I(s) measurement data.135 The idea of this algorithm, as shown 

in Figure 31a, was removing the noisy traces by three main process: X-filter, Y-filter 

and peak-filter. This algorithm has been validated by the measuring of Au/ 1,8-

octanedithiol/Au system, which shows the effectiveness to remove the noisy signal and 

capture the complexity of the conductance behavior. As shown in Figure 31b, the 

collected I(s) traces contributed a 1D histogram with obvious conductance peak that 

located at 3.67nS after the unsupervised data selection. The description of this 

algorithm will be briefly introduced in the later section of this Chapter and it forms an 

important tool to do the analysis work. 

 

 

Figure 31: a) Flowchart of conventional and the unsupervised data analysis method. b) Conductance 

histogram of Au/ 1,8-octanedithiol/Au based on the unsupervised data selection method. [Copyright, 

Institute of Physics Science, Ref 135] 
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3.3. Research aim 

In the last chapter we have discussed the effect of a series of intrinsic factors, such 

as anchoring group, electrode materials, and conjugated degree to the conductivity of 

(single) molecular junctions. Then we realized that an accurate measurement of the 

stochastic nature of the electronic properties of (single) molecular junctions requires 

collection of large data sets to obtain the full detail of a molecular system. In this chapter, 

two series of molecules, with chain shape and phenyl ring units each, are measured by 

STM-I(s) technique. In addition, an unsupervised MATLAB algorithm was used to 

select and analysis the I(s) data. 

 

3.4. Experimental section 

3.4.1. Conductance measurements 

In this research, two groups of molecules were selected. The first group was chain-

like molecules in increasing methylene groups terminated by isothiocyanate and methyl, 

including 6-(methylthio) hexyl isothiocyanate (6MHI) and 8-(methylthio) octyl 

isothiocyanate (8MOI). The second group was probed with ring-like molecules 

terminated by symmetric thiol groups, including biphenyl-4,4’-dithiol (DBDT) and p-

terphenyl-4,4’’-dithiol (TBDT). Their molecular structures are shown in Figure 32. The 

selected molecules have relatively similar molecular length, the distance between two 

sulfur atoms in each of molecular structure have been calculated by the Chemdraw 3D 

with minimized energy. The length of molecules is 1.05 nm for DBDT, 1.47 nm for 

TBDT, 1.12 nm for 6MHI, and 1.36 nm for 8MOI. 

The conductance measurements were using STM-I(s) method in Au/Au contacts. 

1 mM solution of the targeted molecule in mesitylene (99%) was prepared for each case. 

Other parameters were identical to the ones reported in Chapter 2.3.4, unless 

specifically stated. All these used molecules are commercially obtained, before the 

conductance measurements 1HNMR spectrum was used to check the sample quality.  
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Figure 32: Molecular formula and relative 3D structure of measured molecules, a) 6MHI and 8MOL 

and b) DBDT and TBDT. For each of molecules, the molecular length was recorded as the distance 

between two sulfur atoms in terminal group.  
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3.4.2. The measurements of break-off distance 

To further analyze the construction of molecular junctions, an estimated total break 

off distance 𝑆𝑡𝑎𝑡𝑜𝑙 can be calculated by the equation 13.12 𝑆𝑡𝑎𝑡𝑜𝑙 is usually compared 

to the length of the fully extended molecule. If a comparable value is achieved, which 

indicates a molecule successfully bridging the gap between two electrodes. 

𝑆𝑡𝑎𝑡𝑜𝑙 = 𝑆0 + ∆𝑆     (13) 

In this equation, ∆𝑆 represents the distance travelled by the tip from the set point 

current to junction break-off point, where the plateau returns to exponential decay as 

shown in Figure 33 (i.e. the intersect of two dotted lines). ∆𝑆 could be calculated for 

each molecular system by a statistic analysis using about 300 current-distance curves.   

 

 

Figure 33: Plateau characteristic I(s) trace for Au/DBDT/Au. 

 

While 𝑆0 is the distance between the STM tip and substrate at a predetermined 

set point current (𝐼0). 𝑆0was calculated by the following equation: 

𝑆0 =
ln (𝐺0×

𝑉𝑏𝑖𝑎𝑠
𝐼0

)

𝑑𝑙𝑛(𝐼)

𝑑𝑠

      (14) 
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Where 𝐺0 = 77400𝑛𝑆, V bias is the applied voltage between tip and substrate, 𝐼0 

is the set point current in the experiment. 
𝑑𝑙𝑛(𝐼)

𝑑𝑠
 can be obtained as the slop of ln(I) 

versus distance (which I(s) trace with the evidence that no molecule linked between 

electrodes). After a linear fitting, we can obtain the slop value, as shown in Figure 34. 

After calculated the 
𝑑𝑙𝑛(𝐼)

𝑑𝑠
 value of 30 I(s) traces in each of molecular junction and 

took the average, the 𝑆0 data were recorded as 0.38nm for Au/DBDT/Au, 0.41nm for 

Au/TBDT/Au, 0.34nm for Au/6MHI/Au isothiocyanate, and 0.36nm for Au/8MOI/Au 

molecular junctions. 

 

 

Figure 34: An example for obtaining the 
𝑑𝑙𝑛(𝐼)

𝑑𝑠
 value. 
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3.4.3. Unsupervised data analysis approach 

Based on the data sorting routine reported by our group previously,135 the I(s) data 

is sent through a series of filters to remove any noisy signals caused by, for instance, 

contamination of the electrodes, passivation of the STM tip, fluctuations of the 

molecular junctions and so on. The I(s) trace obtained from STM equipment can be 

explored into one ASCII documentary, which consisted of distance and current signals 

in n rows as shown in Figure 35a. For each target molecule, over 30 000 I(s) traces were 

measured and collected. This algorithm firstly removes noisy I(s) traces. Figure 33b 

shows typical I(s) traces. The green lines exhibit the plateau featuring trace, indicating 

the formation of molecular junction. The blue lines showed a direct current decay with 

no molecular junction formed. The red lines in Figure 35b showed three types of noisy 

traces, which would be filtered out by the X-filter, Y-filter, and peak-filter algorithm 

respectively. X-filter algorithm removes the noisy leaded the abnormal decay of the 

current. Y-filter algorithm removes the I(s) traces exhibiting an oscillating or 

excessively noisy signal at the beginning of the current decay, which may arise from 

poorly contacted molecules, contaminated tips or multiple interacting molecules in the 

junction. The peak-filter algorithm helps to remove the undesired noisy trace causing 

an unexpected broad peak in 1D conductance histogram. 

 

 

Figure 35: (a) Data structure of I(s) data. (b) green: plateau featuring I(s) traces; blue: decay traces 

without molecular junction formation, red: noisy traces which would be removed by X-filter, Y-filter 

and Peak-filter algorithm. 
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We then applied conductance mapping algorithm to the experimental data. Here, 

the measurement result of Au/ 6MHI /Au molecular junction was used as an example 

to explain this conductance mapping mechanism. We use a conductance mapping 

process to obtain the most dominant conductance value for a given molecular target. 

For a single I(s) trace the Y-axis (current axis) was simply divided int o many steps 

(bins). In each bin, the counts of the data points are different, and the plateau region 

will always have a larger bin count than those adjacent bins. In Figure 36a, we first 

selected all plateaus featuring I(s) traces, then identified the region of the plateaus. 

From the initial observations in Figure 36a, it is seems that the plateaus distributed in 

few different groups. The conductance map is then divided into three regions based on 

the plateau counts.  

As shown in Figure 36b, group 1 (red) was deemed to correspond to the decay 

region without any plateau featured curves included, group 2 (green) reflected the I(s) 

curves with short plateau or small noisy peaks, and the group 3 (blue) is related to the 

plateau region with expected plateau curves of sufficient extension. Based on the 

conductance mapping function, we next obtained the optimized plateau distribution 

mapping. As shown in Figure 36c, for Au/ 6MHI /Au molecular junction, there are four 

separable plateau distribution regions, which were separated by different color. 

 This algorithm then plotted a 1D current histogram for each of conductance 

region automatically, as shown in Figure 36d-g. Figure 36d corresponds to the region 

1 (red) in Figure 36c. Figure 36e corresponds to the region 2 (green) in Figure 36c. 

Figure 36f corresponds to region 3 (black) in Figure 36c, and Figure 36e corresponds 

to the region 4 (navy) in Figure 36c. The region having the most data values is 

considered as the most possible (dominated) conductance region, while the other region 

would be considered as the sub-group. In this measurement, region 1 contains 1021 I(s) 

curves, region 2 contains 1401 I(s) curves, region 3 contains 126 I(s) curves, and reion4 

contains 28 I(s) curves. Herein, the Au/6MHI/Au molecular junction, the region 2 

(green) in Figure 36c was the dominated conductance region. 
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Figure 36: Automatically generated by algorithm (a) Conductance mapping grouped in five regions to 

get insights in the most dominant conductance peak. (b) Conductance mapping for Au/ 6MHI/Au 

molecular junction molecular junctions with color-coded grouping into three main regions based on the 

plateau counts. (c) Conductance mapping of the ideal plateau region, four refined regions were grouped 

to examine the most dominant conductance peak and sub-groups. (d) 1D current histogram plotted by 

I(s) traces from the region 1 (red) in Figure c,  (e) 1D current histogram plotted by I(s) traces from the 

region 2 (green) in Figure c, (f) 1D current histogram plotted by I(s) traces from the region 3 (black) in 

Figure c, (g) 1D current histogram plotted by I(s) traces from the region 4 (navy) in Figure c. After 

determining the dominated current region, the relative conductance could be obtained by 𝐺 =
𝐼

𝑉𝑏𝑖𝑎𝑠
. The 

right inset is the used MATLAB algorithm parameters.  
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3.5. Conductance results  

The 1D conductance histogram plotted by the I(s) traces from the dominated 

region is shown in Figure 37a, where the peak position indicated the conductance value 

is 6.55 nS for Au/6MHI/Au molecular junctions. Figure 37b shows the distribution of 

∆𝑆 for all the measurements, the average experimental break off value was found to 

be 0.60 nm, the relative 𝑆𝑡𝑜𝑡𝑎𝑙 could be obtained as 0.94 nm which agrees well to the 

molecular size.  

To provide further insight into the experimental results, we plotted the 

conductance histogram of second most data contained region 1 of Au/6MHI/Au, as 

shown in Figure 37c. The conductance value reported by region 1 of Au/6MHI/Au 

molecular junctions is 3.20nS. The relative break-off distance was found to 0.65nS, 

while the 𝑆𝑡𝑜𝑡𝑎𝑙 could be obtained as 0.99 nm which also agrees well to the molecular 

size. We notice that similar 𝑆𝑡𝑜𝑡𝑎𝑙  were recorded in region 1 and region 2. This 

phenomenon identified that the difference conductance value between region 1 and 

region 2 could lead by the difference binding geometry of molecule/electrode, rather 

than various numbers of bridged molecules.  

We subsequently plotted the conductance histogram that obtained from region 3. 

There are only 126 valid I(s) curves are contained in region 3. Compared with region 

1 and region 2, the data volume of region 3 is dramatically reduced. The 1D 

conductance histogram of region 3 was shown in Figure 37e, the peak position 

indicated a relative higher conductance value, in which is 13.3nS. The break-off 

distance calculation revealed more details of the molecular junctions in region 3. As 

shown in Figure 37f, the average experimental break off value obtained from region 3 

is 0.39nm, as well as the 𝑆𝑡𝑜𝑡𝑎𝑙 is 0.73nm. remarkably, this 𝑆𝑡𝑜𝑡𝑎𝑙 value is smaller 

than the 6MHI molecular size. If the bridged 6MHI is leaning on the gold substrate, 

the break-off distance would be decrease. In addition, in this kind of configuration, 

electrons could transport through the molecular junction without having to transport 

all this molecular backbone, which could effectively reduce the resistance. This 

experimental finding supports that the higher conductivity of molecular junction could 

be leaded by the tilt of the bridged molecules.  



[CHAPTER 3] 

 
67 

 

Figure 37: (a) The 1D conductance histogram of Au/6MHI/Au (region 2, dominated region), (b) the 

break of distance of relative molecular junctions, where the inset is the Gauss peak fitting. (c) The 1D 

conductance histogram of Au/6MHI/Au (region 1), (d) the break of distance of relative molecular 

junctions; (e) The 1D conductance histogram of Au/6MHI/Au (region 3), (f) the break of distance of 

relative molecular junctions. 
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The mapping results that automatically generated by algorithm of Au/8MOI/Au 

molecular junctions are shown in Figure 38a, b. There are four distinct conductance  

regions are recognized as shown in Figure 38b, where the region 1(red) is the dominated 

region. The relative 1D conductance histogram is shown in Figure 38c, where the peak 

position indicated the conductance value is 2.16 nS. Figure 38b shows the distribution 

of ∆𝑆 for all the measurements, the average experimental break off value was found 

to be 0.43 nm, the relative 𝑆𝑡𝑜𝑡𝑎𝑙 could be obtained as 0.79 nm. The measured break-

off distance is smaller than the molecular size of 8-(methylthio) octyl isothiocyanate 

(1.36 nm). This result indicates an unexpected tilt of the bridged molecules between the 

STM tip and substrate. This kind of tilt of bridged molecule could lead to a higher 

measurement value. We further compared this asymmetry Au/CH3SH − (CH2)n −

NCS/Au molecular junction to the previous reported symmetric Au/NCS − (CH)2 −

NCS/Au  junction.130 The conductance values have been reported as 15.48 nS 

( 2 × 10−4𝐺0  ) Au − NCS − (CH2)6 − NCS − Au , and 2.63 nS ( 0.34 × 10−4𝐺0 ). 

Through the comparison, we found that the asymmetry anchoring group will decrease 

the conductance value. It is worth noting that for the asymmetry anchoring group 

system, the conductance decreases with the increasing molecular length, but the 

attenuation trend is slower than the Au − NCS − (CH2)6 − NCS − Au . This 

conductivity decreasing due to asymmetry molecular junction had been reported in our 

previous research,76 which has been rationalized by the breaking of junction symmetry, 

the variation of electrode/molecule coupling and the further energy level alignment. 
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Figure 38: Automatically generated by algorithm (a) Conductance mapping for of Au/8MOI /Au 

molecular junctions grouping into few regions after removing the noisy I(s) traces. (b) Conductance 

mapping of the ideal plateau region, three refined regions were grouped to examine the most dominant 

conductance peak and sub-groups, where region (1) red is the most possible conductance region. (c) The 

1D conductance histogram plotted by the I(s) traces that came from region 1 in Figure b, (d) the break of 

distance of relative molecular junctions, where the inset is the Gauss peak fitting. 
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The mapping results that automatically generated by algorithm of Au/DBDT/Au 

and Au/TBDT/Au junctions are shown in Figure 39. For Au/BDBT/Au junction, there 

are three main distinct conductance groups, where the region 1 (Figure 39b) represented 

the dominated conductance group.  The conductance behavior of Au/TBDT/Au 

junctions seems more complex. It showed five conductance groups in Figure 39d, 

where region 2 (navy) is the dominated conductance group among these five 

conductance regions.  

 

 

Figure 39: Automatically generated by algorithm (a) Conductance mapping for Au/DBDT/Au molecular 

junctions with color-coded grouping into three main regions based on the plateau counts. (b) 

Conductance mapping of the ideal plateau region, three refined regions were grouped to examine the 

most dominant conductance peak and sub-groups, where region 1 is the dominated conductance region. 

(c) Conductance mapping for Au/TBDT/Au molecular junctions with color-coded grouping into three 

main regions based on the plateau counts. (d) Conductance mapping of the ideal plateau region, five 

refined regions were grouped to examine the most dominant conductance peak and sub-groups, where 

region 2 is the dominated region. 
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The dominated 1D conductance histogram of Au/DBDT/Au, as shown in Figure 

40a, was plotted by the I(s) traces from region 2 in Figure 39b, where the conductance 

was recoded at 117.5 nS through a Gauss peak fitting. Figure 40b shows the distribution 

of ∆𝑆 for all the measurements, the peak position is 0.88 nm, so the relative 𝑆𝑡𝑜𝑡𝑎𝑙 is 

obtained as 1.26 nm, which agrees well to the molecular size. However, the maximum 

of ∆𝑆 reaches 1.83 nm, which is much longer than the molecular size. Therefore, some 

unexpected junction formation, such as two bridged molecules, may have been occurred 

in the measurements. The details of the configuration of these molecular junctions need 

to be further validated prospectively.  

 

 

Figure 40: The 1D conductance histogram of Au/DBDT/Au, (b) the molecular junction break-off 

distance of relative molecular junctions, where the inset is the Gauss peak fitting. 

 

The dominated 1D conductance histogram of Au/TBDT/Au, as shown in Figure 

41a), was plotted by the I(s) traces from region 2 in Figure 39d, where the conductance 

was recoded at 32.1nS after a Gauss peak fitting. Figure 41b shows the distribution of 

∆𝑆 in measurement, the peak position is 0.72 nm, so the relative 𝑆𝑡𝑜𝑡𝑎𝑙  could be 

obtained as 1.13nm, which is slightly smaller than the molecular size of TBDT. This 

result could indicate an unexpected tilt of the bridged TDBT between the STM tip and 

substrate. In addition, we found that, the conductance values (117.5nS and 32.1nS) of 

Au/DBDT/Au and Au/TDBT/Au obtained using the unsupervised MATLAB algorithm 
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are basically coinciding with the manual selected conductance value we reported in 

Chapter 2, which are 126nS and 23.2nS, suggesting the robust and reliable features of 

this unsupervised data selection algorithm.  

 

 

Figure 41: The 1D conductance histogram of Au/TBDT/Au, (b) the molecular junction break-off 

distance of relative molecular junctions, where the inset is the Gauss peak fitting. 

 

The specific conductance value of Au/6MHI/Au, AU/8MOI/Au, Au/DBDT/Au 

and Au/TBDT/Au were recorded in Table 3. By comparing the electronic properties of 

these chain shape and phenyl ring bridged molecular junction within Au/Au contacts, 

the conductance of phenyl ring based molecular junction is significantly greater than 

the chain shape molecular junction even they possess similar molecular length. This 

finding is explained by the conjugated electrons located in phenyl ring-based molecule 

could increase the overall conductance performance. 
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Table 3: The conductance value and break-off distance of Au/6MHI/Au, AU/8MOI/Au, Au/DBDT/Au 

and Au/TBDT/Au systems based on unsupervised data analysis.  

Molecule Molecular length 

(nm) 

Conductance 

(nS) 

Average break-off 

distance (nm) 

6MHI 1.12 6.55 0.94 

8MOI 1.36 2.16 0.79 

DBDT 1.05 117.5 1.26 

TBDT 1.47 32.1 1.13 

 

3.6. Conclusion 

In this study, we have investigated the conductivity of four molecular junctions 

with Au/Au contacts using STM-I(s) technique. A fully automated and unsupervised 

data sorting algorithm was used to analyze the most dominant conductance groups. 

Summarizing the experimental results detailed above, the following general 

observations can be made: 

1. This unsupervised MATLAB algorithm has been successfully applied to analyse 

the conductance behavior for Au/6MHI/Au, Au/8MOI/Au, Au/DBDT/Au and 

Au/TBDT/Au systems. 

2. The conductance of phenyl ring based molecular junction is significantly greater 

than the chain shape molecular junction even they possess similar molecular length. 

3.The measured break-off distance value of Au/8MOI/Au and Au/TBDT/Au are 

shorter than their respective molecular length, which indicated a possible tilt 

configuration of the bridged molecules. 
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4 Chapter 4: Measurement of redox active molecular junction  

4.1. Preface 

This research was carried out in collaboration with the theoretical calculation by 

Dr. Yannic J. Dappe (CEA, CNRS, France). I will present my experimental work on 

the molecular synthesis, and the further conductance measurements. 

The single-molecular conductance of a redox active viologen molecular bridge 

between Au/graphene electrodes has been studied in an electrochemical gating 

configuration in an ionic liquid medium. A clear “off-on-off” conductance switching 

behavior was achieved through gating of the redox state when the electrochemical 

potential is swept. Au/viologen/graphene junctions showed a single-molecule 

conductance maximum centered close to the equilibrium redox potential. A simple 

gating model within Density Functional Theory (DFT) revealing the charge state 

evolution of the molecule supports this result. This work opens perspective for 

graphene-based molecular transistors. 

 

4.2. Introduction 

4.2.1. Gating of molecular junction 

Using a single molecule to work as a simple wire to connect electrodes and 

transport electrons is the fundamental aspect of molecular electronics. After 

understanding the principle of the construction of (single) molecular junction, the 

attempts were made to a higher goal of molecular electronics, namely using a single 

molecule to work as an active electronic component, such as molecular switch and 

molecular diode, to perform a series controllable functions. In molecular electronics, a 

technical deliverables three-terminal molecular device relies on external modulation of 

molecular orbitals, has been the prominent challenge.4  

Many methods have been studied to control the conductivity of the individual 

molecular junction, such as the solid-state gating,136-139 optical gating,140 pH value 

gating,141 temperature gating,114,142 and electrochemical gating,143-149 opening a way for 

the use of molecular electronics more than just carrying the charge. A striking 

development recently is to achieve single-molecule transistor, an analogue of field 
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effect transistors in solid-state devices. In this configuration, a single molecule is 

tethered between two contacting electrodes (source and drain), while a third electrode 

is modulated, acting as a gate bias to control the conductance across multiple redox 

states of the target molecule.    

For a solid-state device, the major challenge in technique that the effective gating 

requires the positioning of the third electrodes in extremely proximity of the linked 

molecule. An alternative approach to achieve the third terminal gating effect of 

molecular junctions is to use an electrochemical gate. This is typically achieved by an 

electrochemical scanning tunnelling microscope (EC-STM) technique.  Operating the 

molecular junctions in electrochemical condition presents the advantage that two 

potential differences can be controlled separately, namely the bias voltage between 

STM tip and substrate (source and drain electrodes), and the gating potential between 

each working electrode and a reference electrode. 

 

 

Figure 42: (a) Schematic illustrating a three terminal molecular device, the gate electrode was used to 

provide the gating effect. (b) SEM) image of a microfabricated MCBJ with a third gating electrode. 

[Copyright, American Chemical Society, Ref.136] 
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Comparing with other gating configuration, electrochemical gating method shows 

obvious advantages, for instance relative easy fabrication while producing high and 

stable gate efficiencies. The implementation of electrochemical gating follows the 

progress of nanoelectrochemical technique, which is commonly realized using a four-

electrode bipotentiostatic electrochemical scanning tunnelling microscope (EC-STM) 

technique.144-149 This technique can provide (single) molecular junctions a controllable 

electrochemical environment and measure the electronic properties at the meantime. 
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4.2.2. Redox active molecular junction 

Viologens, 1,1’-disubstituted-4,4’-dipyridinium dications have been widely 

studied concerning the kinetics and mechanism of their redox reactions. The special 

electrochemical behavior of viologen which possess multiple electroactive sites has 

been the subject of early researches.150,151 The interest of “viologen” compound lies in 

a two-step redox reaction of the 4,4’-bipyridinium ( 𝑉2+ ) moiety being 

electrochemically reduced to its radical cation form 𝑉+∙ and further reduced to  𝑉0, 

“Viologen” molecular wire started to enter the vision of molecular electronics at the 

beginning of the twentieth century. A Liverpool group have studied the electron 

transport properties of molecule wire containing the viologen core moiety bound 

symmetrically between a gold STM tip and a gold substrate.12 They described a 

successful gating of gold/viologen/gold system when applied a negative 

electrochemical gating potential could resulted in an obvious increase in the molecular 

junction conductance. Based on these impressing finding, Wandlowski group further 

studied an Au/viologen core unit/Au molecular junction formed with gold STM tip, N-

hexyl-N’-(6-thiohexyl)-4,4’-bipyridinium bromide and gold (111) substrate in an 

electrochemical environment.152 In general, viologen based molecule wires have been 

the most widely investigated electrochemical molecular junction system, with a focus 

on the electron transfer properties, electrochemical gating, electrolyte effect, molecular 

structure effect, counter-anion dynamics.144,152-155 The results of electrochemical 

viologen molecular junction showed the redox center of linked molecule could be 

reduced and oxidized reversibly to produce different conductance states, making them 

ideal candidates to molecular transistor.  
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Since then, varied redox active molecules have wildly used in three-terminal 

molecular devices. Liao et al.156 have investigate the conductance behavior of a redox-

active dithiolated tetrathiafulvalene derivatives (TTFdT) which has been bridged in 

two-dimensional nanoparticle arrays. The target TTFdT molecule could undergo a 

reversible two electron redox reaction as shown in Figure 43. They reported d a 

conductance increase of the TTFdT by up to 1 order of magnitude when it has been 

oxidized to its dication state. 

 

 

Figure 43: The redox-active dithiolated tetrathiafulvalene (TTFdT) studied by EC-STM technique. 

[Copyright, American Chemical Society, Ref.156] 
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Transition metal complexes have also been considered as potential redox active 

molecules in building three-terminal devices.98, 157-160 As early as 2002, Park et al. have 

dominated that the Co ion bonded to polypyridyl ligands can act as a single molecular 

transistor.158 Electrochemically gating effect also been realized to achieve conductivity 

modulation of metal complexes. Chappell et al. presented evidence that, for redox-

active metal complexes, an off-on-off conductance behavior could be achieved via 

electrochemical gating, as shown in Figure 44. They also suggested that the hopping 

mechanism may be a significant factor for the relative electron transport.98   

 

 

Figure 44: Conductance as a function of overpotential plots for (a) [Co(pyterpy)2]2+/3+ and (b) 

[Fe(pyterpy)2]2+/3+ in ionic liquid. [Copyright, The Royal Society of Chemistry, Ref. 98] 

 

4.2.3. Ionic liquid 

In the studies of electrochemical gating molecular devices, ionic liquid play an 

important role that act as a good electrolyte.98, 144 Ionic liquids (ILs) are considered a 

novel ‘green solvents’ which almost composed entirely of anions and cations but exist 

in the liquid state at ambient conditions. Ionic liquid is very similar composition to salt, 

so ionic liquid had been called room temperature molten salt at the early stage of the 

study. However, with the further research, people considered the definition of room 

temperature molten is too narrow.  Recently, Ionic liquids are considered as low 

melting point molten salts, with those that exist as liquid-form under 100°∁ and are 

chemical stable upon exposure to ambient condition.  
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Interest in ILs are also led by the unique solvent ability to tune the solvent 

properties of the ILs by variation in the structure and composition of the cation and 

anion. ILs are characterized by weak interactions, leading by the combination of a large 

cation and a charge-delocalized anion.161 This results in a low tendency to crystallize 

due to flexibility (anion) and dissymmetry (cation). For ILs, the cation regulates the 

melting point,162 electrochemical window163 and the viscosity of solvent.164 while the 

anion could tune the solubility,162 solvating ability,165 thermal ability165 and also the 

electrochemical window.163 Comparing with traditional organic solvent, ILs possess 

many promising properties such as high ionic conductivity, low vapor pressure, wide 

liquid range, and high thermal stability.166 For example, the melting point of ILs can 

drop as low as −90℃ the liquid rang can achieve 200℃, the electrochemical widow 

even can spanning up to 6V in some case, vapor pressure can be up to ~300–400℃. 

while the decomposition temperature can be reach 400℃.167,168 Throughout the recent 

decade or so, ILs have been widely used in many areas of chemistry including organic, 

and inorganic synthesis, biphasic catalysis, separations processes and electrochemistry 

and electrodeposition due to their unique and useful properties. 

ILs also have the potential to be the basis of important approaches in 

electrochemical conductance gating of single molecular junctions. The first study of 

single molecular junctions in ILs was reported in 2006. Albrecht et al. have investigated 

an Os bisterpyridine complex (Ossac) monolayer on Au(111) surface in 1-butyl-3-

methylimidazoliumhexafluorophosphate (BMIM-PF6) electrolyte by STM.169 They 

compared the CV data of Ossac measured in aqueous solution and ionic liquid as shown 

in Figure 45, the redox peak showed a slight shift in these two different solution. Then 

thy reported that Ossac system showed an imposing 50 fold increase in tunnel current 

from the off state to the on state, demonstrating the potential of ILs as environments for 

single molecular electrochemical gating. 
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Figure 45: CV recorded for Ossac in (black) aqueous solution, and (red) ionic liquid. [Copyright, 

American Chemical Society, Ref. 169] 

 

 As research continues, scientists found that there are good reasons for using ILs 

electrolytes in the electrochemical single molecule studies. The most attractive 

advantage is an ability (wide electrochemical widow) to address redox states that are 

not accessible in aqueous electrolyte systems.19 For example, previous study shows that 

the pyrrolo-TTF molecular wires only presented the first oxidation in aqueous 

electrolyte,171 but three redox states could be reached in ILs.172  So far, there are many 

studies demonstrated  that ionic liquid electrochemical gating of single-molecule 

conductance is far more effective than gating that is generally achieved in solid-state 

three-terminal platforms or gating with aqueous electrolyte. 

 

4.3. Research aim 

This work utilizes EC-STM technique to realize a controllable three terminal 

molecular devices. In this research, ILs was used as the electrolyte to provide a stable 

measurement environment. The main aim of this study was to investigate the 
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conductance of a redox active 6V6 molecules with both Au/graphene and Au/Au 

contacts. The conductance of Au/6V6/graphene and Au/6V6/Au junctions are recorded 

as a function of the variation of the electrochemical potentials to elucidate the effect of 

third terminal gating effects.  

 

4.4. Method 

4.4.1 Synthesis of N,N’-Di-(6-(thioacetyl)hexyl)-4,4’-bipyridinium 

bis(hexafluorophosphate) 

The used N,N’-Di-(6-(thioacetyl)hexyl)-4,4’-bipyridinium bis(hexafluorophosphate) 

(6V6) molecule was synthesized by a three-step reactions, which was reported in 

previous literature.144 The specific synthetic route was shown in Figure 46. All other 

reagents were commercially available and used as received. 

 

 

Figure 46: Synthetic route of target 6V6 molecule. 
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 (1) Thioacetic acid S-(6-bromohexyl) Ester. A 250mL round-bottom flask was 

charged with 50ml THF. Add 1,6-dibromohexane (10.68 g, 43.8 mmol) into flask. An 

addition funnel containing potassium thioacetate (2.50g, 21.9mmol) in THF was 

attached to the flask, then the whole apparatus was protected by nitrogen. Then 

potassium thioacetate solution was added to the 1,6-dibromohexane solution at a rate 

of roughly 1 drop per second. After the addition was complete, the mixture was stirred 

for 24h at room temperature (21℃). During the reaction, TLC plate was used to identify 

the reaction with Rf=hexane: CH2Cl2=10:1, while KMnO4 was used as the color 

developing agent. The ideal reaction is a monosubstitution reaction, the TLC plate 

showed two product points, the one of more point identified the unexpected 

disubstituted product. Then the solvent was removed in vacuo. CH2Cl2 was added, the 

org. soln. washed with deionized water. The mixture was then poured into separatory 

funnel, and the layer were separated. Then the organic phase solution was collected and 

dried with MgSO4 and evaporated. The crude product purified by column 

chromatography (hexane: CH2Cl=10:1) to provided 3.16g, 13.2mmol (60.3%). 1H 

NMR (400 MHz, CDCl3): δ=3.36 (t, J=6.5Hz, 2H); 2.83 (t, J=7.2Hz, 2H); 2.29 (s, 3H), 

1.82(m,2H); 1.55(m, 2H); 1.38(m, 4H) ppm. 

 

(2) N-N’-Di-(6-(thioacetyl)hexyl)-4,4’-bipyridinium dibromide. A 100mL 

round-bottom flask was charged with 15mL acetonitrile, 1.50g product 1, and 0.25g 

4,4’-bioyridine. A condenser-west tube was attached to the flask, the whole apparatus 

was protected by nitrogen. All the mixture was heated with oil bath to reflux for 30h. 

After reaction, the mixture was cool to the room temperature (21℃). Then the mixture 

was sonicated 10 minutes.  Then the mixture was filtered by Buchner funnel to get the 

crude product. Then washed the crude product with cold diethyl ether (40 mL). Then 

the crude product was purified by recrystallization form boiling EtOH to provide 0.75g 

product in yield 77%. 1H NMR (400 Hz, methanol-d4): 𝛿=9.37 (d, J=7.2Hz, 4H); 8.87 

(d, J=5.6Hz, 4H); 4.87 (t, J=7.2Hz, 4H); 2.77(t, J=7.2Hz, 4H); 2.23 (s, 6H), 2.01 (m, 

4H), 1.37 (m, 4H); 1.17 (m, 8H) ppm. 
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(3) N, N’-Di-(6-(thioacetyl)hexyl)-4,4’-bipyridinium bis (hexafluorophosphate) 

6V6. 0.45g product 3 was added into 40mL DI water. Then added 1.16g ammonium 

hexafluorophosphate into the solution. We can observe the forming of white precipitate 

immediately. Then filtered the mixture to get white crude product. Then washed the 

crude product with DI water, then dried the product in vacuo to provided 0.436g final 

product 6V6 in yield 81.4%. 1H NMR (400Hz, Acetone-d6), 𝛿=9.47 (d, J=6.8Hz, 4H); 

8.86 (d, J=6.4Hz, 4H), 4.99 (t, J=7.6Hz, 4H), 2.85(t, J=4.4Hz,4H); 2.41(s, 6H); 2.22(m, 

4H), 1.58-1.46(m, 12H) ppm.  13C NMR (100 MHz, Methanol-d4, 4096 times scan): 

196.32, 145.65, 129.45, 61.83, 30.87, 29.43, 29.20, 29.02, 27.54, 25.10 ppm. HRMS 

showed intensity peak at 619.202[PF6]
+. The relative 1H NMR, 13C NMR and HRMS 

are shown in Figure 47. 
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Figure 47: (a) 1H NMR, (b)13C NMR, and (c)HRMS spectrum for synthesized N, N’-Di-(6-(thioacetyl) 

hexyl)-4,4’-bipyridinium bis (hexafluorophosphate). 
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4.4.2 Cyclic Voltammetry measurements 

A cyclic voltammetry (CV) experiment involves applying a potential to the 

working electrode, which changes with time. The current flowing through the working 

electrode is recorded as a function of the applied potential, resulting in a voltammogram 

of current vs. potential. The cyclic voltammetry experiments were completed using an 

CHI660E electrochemical workstation. For all experiments, a three-electrode set up 

was employed.  

Here, the cyclic voltammograms were recorded using 99% 1-Butyl-3-

methylimidazolium triflate (BMIM-OTf ) as the electrolyte solution, which was dried 

for 24 h to use (80 °C) in air and then degassed by bubbling with nitrogen gas. 

Measurements were carried out in dried BMIM-OTf with 6V6 (5 mM) solution for 

graphene working electrode (1cm2) and gold (111) working electrode (1cm2) 

respectively. All voltammetric measurements were carried out at room temperature. 

When graphene working as the working electrode, in order to obtain clear CV spectra, 

a freshly prepared Ag/AgCl (Saturated silver chloride) electrode was served as 

reference and Pt net as the counter electrode. The potential difference between Ag/AgCl 

and Pt was calibrated as -0.423V. 
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4.4.3 Single molecule conductance measurement with electrochemical gating 

The gold STM tips were fabricated by the electrochemical etching technique. To 

minimize the faradic current that generates from the charge transport through the 

electrolyte at the working electrode (STM tip), the gold STM tips were coated by 

nonconductive resin material. The coating process is shown in Figure 48a, a resin bar 

was heated by direct fire till it begins to melt, then move the sharp STM tip into the 

melt resin. The coated gold STM tip was tested by SEM technique. The top of the gold 

tip should be carefully coated while only tiny gold sticking out from the tip top as shown 

in Figure 48c. 

 

 

 

Figure 48: (a) Illustrating of the STM tip coating process. The SEM images of (b) poorly coated gold 

STM tip, (c) well coated gold STM tip. 
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In this study, a new electrochemical workstation has been applied to the original 

STM equipment. A liquid cell, as shown in Figure 49a, was used to provide a liquid 

environment for forming molecular junctions. The four electrodes EC-STM set-up was 

used in this measurement, including two working electrodes (STM tip and substrate), a 

counter Pt electrode, and a carefully calibrated reference Pt electrode. This four-

electrode bipotentiostat configuration allows independent electrochemical potential 

control and the bias voltage between STM tip and substrate, provided that no contact 

occurs between them. In electrochemical potential set-up, where E=VSample-VReference. 

The bias voltage applied to the molecular junction was fixed to + 0.3V and ionic liquid 

BMIM-OTf was used as the electrolyte for all the measurements (5mM 6V6 in BMIM-

OTf). In experiments, the electrochemical gating is considered as the “electrolyte gating” 

which relies on the formation of electrochemical double layers along the STM tip-

substrate channel. The EC-STM method could be considered as a combination of STM 

I(s) method with the electrochemical control, which is utilized by Bruker STM 

instrument (Multimode 8, USA) with a Fluid cell (ECM-2) here. The overall EC-STM-

set-up was shown in Figure 49b, two special wire (where the purple wire linked with 

counter electrode, and the yellow wire linked with reference electrode) were used to 

connected the electrodes to the electrochemical workstation. 
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Figure 49: a) Counter electrode and reference electrode set up in EC-STM liquid cell, where a Pt ring 

are work as the counter electrode and a Pt wire are working as the reference electrode. The counter and 

reference electrode should avoid contacting with the substrate, at the meantime, these two electrodes 

should avoid contacting each other. b) The overall set up for EC-STM, where the purple wire contact 

with counter electrode, while yellow wire linked with reference electrode. 
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4.5. Results and discussion 

4.5.1 Cyclic voltammogram 

We firstly examined the electron transfer behavior of 6V6 molecular bridge with 

graphene as working electrode in BMIM-OTf solution using cyclic voltammetry. Here, 

Ag/AgCl was used as the reference electrode, because the electrochemical potential of 

Pt is instable, while the potential difference between Ag/AgCl and Pt was calibrated as 

-0.415V. The redox active molecular 6V6 exhibits two reversible redox reaction as 

shown in Figure 50. It undergo a two-electron transfer process, namely V2+ + e−→V+• 

and V+• + e−→V0, with V = viologen. Because of the larger electrochemical window in 

BMIM-OTf, both electron transfer curves are apparent. It’s worth noting that this 

measured CV shows a sloped baseline, particularly apparent at the second redox wave 

(V+• + e−→V0). With the viologens if the ionic liquid is not dry enough the second redox 

wave cannot be measured, therefore while this slope may be due to a minute amount of 

residual water, it is unlikely the underlying cause. For the first redox couple （V2+ + 

e−→ V+• ） is around 145mV at low scan rate which shows a quasi-reversible 

electrochemical process.173 The average 𝐸1/2  was measured as -0.25V versus 

Ag/AgCl.  Based on Randles-Sevcik equation: 

𝑖𝑝 = 0.4463𝑛𝐹𝐴𝐶(
𝑛𝐹𝑣𝐷

𝑅𝑇
)

1

2      (15) 

Where the 𝑖𝑝 is the current maximum in amps, A is the electrode surface area in 

cm2, n is the number of electrons transferred in the redox event, C is the concentration 

in mol/cm3, D is the diffusion coefficient. The diffusion coefficient V2+ + e−→V+• 

process in BMIM-OTf was calculated as 𝐷 = 2.79 × 10−8 𝑐𝑚2𝑠−1. 
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Figure 50: CV recorded for the reduction of 6V6 (5 mM) in BMIM-OTf. The system was referenced 

against an Ag/AgCl reference. The CVs were run at 0.2 V/s to 1V/s with graphene working electrode，

Pt counter electrode and Ag/AgCl reference electrode.  
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4.5.2 Conductance results 

These conductance histograms were recorded for the marked electrochemical 

potentials and for a constant bias voltage of +300mV. The molecular junctions are 

formed by the non-contact STM I(s) method as same as our previous researches. At 

first, the tip is brought close to the substrate within tunneling distance by a 

predetermined current. Then, the tip was retracted while the tunnelling current reached 

the set maximum current. If there is a failure of the formation of molecular junction, a 

pure decay I(s) decay trace could be found. As well as, if the molecular junction was 

formed successfully, obvious plateaus could be found in the I(s) trace. The current 

information easily converted to the molecular conductance value (G), by the equation: 

𝐺 =
𝐼

𝑉𝑏𝑖𝑎𝑠
       (16) 

Figure 51 shows the typic conductance versus distance curves. When there is no 

molecule present between STM tip and graphene substrate, the pure exponential decay 

could be observed as shown in the yellow curves. While the plateau characteristic I(s) 

traces are shown in green and blue lines which measured with -0.45V -

0.35Velectrochemical potentials respectively.  

 

 

Figure 51: The direct decay I(s) trace (yellow). The plateau contained I(s) traces of Au/6V6/graphene 

versus electrochemical potential as a function of the marked electrochemical potential (versus Ag/AgCl), 

where green: -0.45V, blue: -0.35V. 
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As a reference for the graphene electrode measurements, the conductance of 

Au/6V6/Au junctions are measured by STM I(s) technique in air atmosphere without 

electrochemical gating. The sketch of Au/6V6/Au junction was shown in Figure 52a. 

The conductance of Au/6V6/Au under air atmosphere without external electrochemical 

gating was measured as 2.16nS, Figure 52b shows the relative 1D conductance 

histogram.  

 

 

Figure 52: (a) Sketch of Au/6V6/Au junction. (b) The 1D conductance histogram of Au/6V6/Au which 

has been measured under air atmosphere. 
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Many studies reported the electrochemistry of viologen moieties attached to Au by 

alkyl thiol linkers in aqueous electrolytes.35-37 Here, we move one-step further by using 

a graphene electrode in IL media. We measured the conductance value of 

Au/6V6/graphene junction using the EC-STM I(s) technique. For each of the molecular 

junction, which is formed under one specified electrochemical potential, we collected 

more than 300 plateaus feature I(s) curves, then plotted the conductance 1D histograms. 

Here we presented eight 1D conductance histograms that measured under different 

electrochemical gating potential, as shown in Figure 53a-h. For each of the 1D 

conductance histogram, a clear peak is observed, indicating the most prevalent junction 

configurations and the probable conductance value of the molecular junctions. For these 

eight 1D conductance histograms, an obvious peak shift with the change of 

electrochemical gating potential could be observed. The minimum conductance value 

was recorded as 1.74nS that measured under -0.95V25V (versus Ag/AgCl) 

electrochemical potential, while the maximum conductance value was recorded as 

5.86nS that measured under -0.25V (versus Ag/AgCl) electrochemical potential. In 

addition, it is noticeable that there is a “shoulder” or “tail” appeared in some of the 1D 

conductance histograms. These phenomena might arise from the variation of the 

molecular junction. 
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Figure 53: One-dimensional (1D) histogram representations of Au/6V6/graphene conductance behavior 

record at the electrochemical potentials of -0.95V, -0.75V,-0.55V,-0.35V, -0.30V, -0.25V, -0.15V, 0.15V 

(versus Ag/AgCl) measured in ionic liquid.  

 

When plotted electrochemically gated single molecule conductance data (taken 

from the histogram peaks of current plateau values) for fourteen different 

electrochemical potentials, a bell-shaped profile is observed. As show in Figure 54. we 

plotted the conductance value obtained for Au/6V6/graphene over the range of 

electrochemical potential combination with cyclic voltammogram. The error bar was 

calculated as FWHM of the Gauss peak fitting of the relative 1D conductance 

histograms. The conductance maximum of around 5.6nS was observed which occurred 

at around the redox equilibrium potential of first redox reaction V2+ + e−→V+•. As the 

electrode potential is swept, the system follows a “off-on-off” conductance switching 

behavior. The experimental data of Au/6V6/graphene system show the maximum 

molecular conductance close to the 𝑉2+/𝑉+∙ reversible potential, which is similarly to 
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the well-known Au/Au system . The conductance behavior of Au/6V6/Au system has 

been reported in aqueous media106 and ionic liquid media144 contrastively. The previous 

research showed that the conductance of Au/6V6/Au shows a monotone increasing with 

the negative electrochemical gating in aqueous media, while the same Au/6V6/Au 

system showed a “bell shape” conductance variation in ionic liquid media. In addition, 

there is a slight increasing of conductance which appeared around -0.55V. This 

conductance increasing could be considered as a response to the second redox reaction 

V+• /V0, but this phenomenon is not as clear as the first conductance peak. The specific 

conductance value of Au/6V6/graphene measured under 14 different electrochemical 

potential were listed in Table 4. 

 

 

Figure 54: The plot conductance of Au/6V6/graphene against the sample electrochemical potential 

overlaid with a cyclic voltammogram (blue line) of 6V6 in BMIM-OTf.   
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This phenomenon could be interpreted in terms of a two-step electron transfer 

mechanism proposed by Ulstrup and Kuznetzov.174 The process of electrochemically 

“gated” electron tunnelling involves the electron transfer from the left contact onto the 

reduced redox group (step 1), followed by the molecule and surrounding electrolyte 

partially relaxing (step 2), finally the electron transfer from the redox group (oxidation) 

onto the right contact (step 3). By gating the potential, the redox state of the molecular 

wire can be modulated. Around the redox potential of the molecule, it is more favorable 

for electrons to traverse the molecule, resulting in a large increase in the conductance.  

 

Table 4: The conductance of Au/6V6/graphene system versus gating potentials.  

Gating potential 

(mV) Versus 

Ag/AgCl 

Conductance (nS) FWHM (Error Bar) 

-950mV 1.74 0.30656 

-850mV 1.73 0.32234 

-750mV 1.85 0.38901 

-650mV 1.98 0.48339 

-600mV 2.38 0.47043 

-550mV 2.91 0.32268 

-450mV 2.13 0.39243 

-350mV 2.81 0.43448 

-300mV 4.76 0.43026 

-250mV 5.86 0.55626 

-200mV 4.56 0.44231 

-150mV 3.03 0.45015 

50mV 2.24 0.42982 

150mV 2.02 0.38448 
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As a comparing, the conductance behavior of Au/6v6/Au system with 

electrochemical controlling was recorded. The specific 1D conductance histograms of 

Au/6V6/Au junctions measured in ILs as shown in Figure 55a. These conductance 

histograms were recorded for the marked electrochemical potentials (versus 

𝐴𝑔/𝐴𝑔𝐶𝑙) . each of the histograms showed a clear peak where the peak position 

indicated the conductance value of the corresponding molecular junction. The specific 

conductance value of Au/6V6/Au versus seven different electrochemical potentials are 

listed in Table 5. The conductance of 6V6 measured in ILs is varied from 2.64nS to 

3.40 nS with the change of electrochemical potentials. We notice that even the 

minimum conductance value measured in ILs is still greater than when it measured in 

air atmosphere (2.16nS). We also plotted the conductance value obtained for 

Au/6V6/Au overlapped with its cyclic voltammogram, as shown Figure 55b. The 

plotted conductance data shows a “bell” shape which could prove the effect 

electrochemical gating. These results are also in good agreement with the results 

presented by Osorio et al.144 In the early study, Haiss et al. have reported the gating 

effect of Au/6V6/Au junction with aqueous electrolyte which showed the conductance 

solely increases as overpotential changed from positive to negative.106 Noted here, the 

behavior observed using ionic liquid electrolyte is very different from previously 

reported for aqueous electrolyte. This demonstrates the effectiveness of ionic liquids 

for single molecule electrolyte gating, presenting a special electrochemical 

environment for investigations not possible in aqueous electrolytes. 
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Figure 55: (a) The 1D conductance histograms of Au/6V6/Au junctions. (b) The plot conductance of 

Au/6V6/Au with error bar against the sample electrochemical potential overlaid with a cyclic 

voltammogram (blue line) of 6V6 in BMIM-OTf.   

 

Table 5: The conductance of Au/6V6/Au system versus gating potentials 

Gating potential (mV) 

Versus Ag/AgCl 
Conductance (nS) FWHM (Error Bar) 

-0.625mV 2.64 0.41924 

-0.425mV 2.87 0.39791 

-0.325mV 3.12 0.41214 

-0.225mV 3.40 0.47955 

-0.125mV 2.96 0.45321 

-0.025mV 2.88 0.34595 

0.175mV 2.79 0.48981 
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In order to fully characterize the mechanism underlying the molecular gating, and 

in particular the evolution of the charge state of the molecule, we have performed DFT 

calculations of the junction with different molecular charges (by adding or removing 

electrons to the full system). The unit cell used for the calculations, namely the 

molecule between the gold and graphene electrode, plus the two PF6
- ions, is 

represented in Figure 56 a). The corresponding transmissions calculated for molecular 

charges ranging from -2.71 to -1.71 electrons are represented in Figure 56b). Note that 

the equilibrium state of the system corresponds to a molecular charge of -2.13 electrons, 

namely very close to the 𝑉2+ state of the molecule. 

 

 

Figure 56: (a) Atomistic representation of the molecular junction and its two PF6 ions used for the DFT 

calculations. (b) Corresponding calculated electronic transmissions for different molecular charge states. 

In inset, a zoom of the transmissions near the Fermi level, showing the evolution of the conductance with 

the molecular charge. 
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As a main feature, one can observe a strong resonance near the Fermi level for 

almost all the transmissions. This is related to the oxidized state of the molecule with 

about two electrons left, reaching the full resonance exactly at the 𝑉2+ state. However, 

with the charging of the molecule, from -2.71 electrons to -1.71 electrons (gaining one 

electron), one can see a shift of the transmission spectra to the negative energies, 

similarly to what happens in a semiconductor based transistor when applying a gate 

potential.175 Hence, the application of a gate potential in our experiments will modify 

the molecular charge around the 𝑉2+ state, and the measured conductance will be 

maximum at that resonance. 

The evolution of the calculated conductance as a function of the molecular charge 

is represented in Figure 57. A reduction of the molecular charge corresponds here to 

the application of a negative gating potential experimentally, giving electrons to the 

molecule. A strong resonance is observed in the neighborhood of the 𝑉2+  state, 

similarly to what is measured experimentally where the highest conductance is 

observed for zero gating. Further charging of the molecule would therefore yield a 

second resonance, related to the V+ state, where the charge state of the molecule would 

be around -1 electron. 

 

 

Figure 57: Evolution of the calculated conductance as a function of the molecular charge. 
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Obviously, a quantitative comparison between the DFT and the experimental 

results is complicated to obtain. Indeed, DFT is a theory of the fundamental state and 

here we are dealing with excited states, since we charge the molecule, which might 

induce small inaccuracies in the calculated resonances. Moreover, we extract the 

conductance from calculations in the neighborhood of mathematical resonances, 

leading to high maxima, which are of course not observed in the experimental 

conditions. Consequently, the theoretical gating curve presents a higher maximum than 

what is observed experimentally. However, the physical behavior of the molecular 

junction is well captured by the gating model we use here, and the observed resonance 

is clearly attributed to the 𝑉2+ state of the molecule.  

Finally, comparison with the pure gold-gold junction leads to very similar results, 

either theoretically or experimentally. The main difference lies in the initial charge state 

of the molecule that drives the amplitude of the gate potential to be applied to reach the 

maximum of resonance. Regarding the similar conductance values, it can be attributed 

to the decoupling of the active molecular part with the alkyl chains, reducing the role 

of the electrodes. This feature is illustrated for the Au/6V6/Au junction through the 

isoelectronic Density of States calculation shown in Figure 58. The electronic density 

is localized near the red-ox active part, with no contribution along the alkyl chains. 

 

 

Figure 58: DFT calculated isoelectronic density of states of the Au/6V6/Au HOMO level, showing the 

decoupling of the central part with respect to the electrodes, due to the alkyl chains. 
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4.6. Conclusion  

In this research, the electrochemical gating has been successfully applied to 

modulate the conductance behavior of (single) molecular junction. Based on the EC-

STM technique, we have measured the electronic conductance of 6V6 based molecular 

junctions as a function of a gating potential in an ionic liquid. Summarizing the 

experimental results detailed above, the following general observations can be made: 

1. Ionic liquid is a good electrolyte to perform the electrochemical gating to 

(single) molecular junctions. 

2. Based on ionic liquid electrolyte, a clear resonance associated to the well-

known V+/V2+ redox transition in the viologen molecule was observed. 

3. As the electrode potential is swept, the system follows a “off-on-off” 

conductance switching behaviors were observed in both of Au/6v6/graphene 

and Au/6V6/Au system. 

4. The “off-on-off” behavior is more obvious in Au/6V6/graphene compared with 

Au/6V6/Au.  
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5 Conclusion and future work 

  In this project, we have researched the effect of electrode material, anchoring group, 

conjugation degree of bridged molecules, data analysis method, environments, and 

external electrochemical gating on the conductivity of a (single) molecular junction 

using STM-I(s) technique and EC-STM technique. The experimental results showed 

that all these factors are important for the (single) molecular conductance.  

We have systematically studied the single-conductance of poly(p-phenylene) 

molecular wires bound either between Au/Au and Au/graphene contacts by STM-I(s) 

technique. The experimental results showed that the junction formed with Au/Au 

electrodes have higher conductance than those formed with Au/graphene electrodes. 

The measured conductance decays exponentially with an increase in the number of 

phenyl rings, giving a decay constant that is similar for thiol (1.31 per phenyl ring) and 

amine (1.40 per phenyl ring) terminated molecular junctions with Au/graphene contact. 

This work reveals that poly(p-phenylene) chains are similarly coupled to either gold or 

graphene electrodes, independently of the anchoring group, and that the transport 

properties are essentially dominated by the intrinsic molecular properties.  

We next studied the conductance value and break-off distance of Au/6MHI/Au, 

AU/8MOI/Au, Au/DBDT/Au and Au/TBDT/Au systems by STM-I(s) technique. In 

this research, an unsupervised MATLAB data selection algorithm has been successfully 

applied to analyze the multiple conductance behavior of these four molecular systems. 

The dominated conductance of phenyl ring based molecular junction (Au/DBDT/Au 

and Au/TBDT/Au) is significantly greater than the chain shape molecular junctions 

(Au/6MHI/Au, AU/8MOI/Au), even they possess similar molecular length.  

We further synthesized a redox active molecule (6V6), then measured its 

electrochemical properties with CV, and its conductance with EC-STM method. The 

conductance of Au/6V6/graphene has been investigated as a function of 14 different 

electrochemical potential in an ionic liquid medium. The conductance of Au/6V6/Au 

has been investigated as a function of 7 different electrochemical potential in an ILs 

electrolyte. A clear “off-on-off” conductance switching behavior was achieved through 
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gating of the redox state when the electrochemical potential was swept with both of 

Au/Au and Au/graphene contact. Both Au/6V6/graphene and Au/6V6/Au showed a 

single-molecule conductance maximum centered close to its equilibrium redox 

potential. In addition, the Au/6V6/graphene system presented the more obvious “off-

on-off” conductance switching behavior compared with Au/6V6/Au system. The 

responding of variation molecular conductance to the external electrochemical gating 

potential indicated the true three terminal molecular electronics could be realized base 

on our experimental equipment.  

  The experimental results showed in this thesis presented the promising feather of 

graphene electrode in building (single) molecular junctions, especially in three-terminal 

electrochemical gating system. The future work could extend the asymmetry 

Au/molecule/graphene junction to the symmetry graphene/molecule/graphene junction. 

In addition, we have already achieved the chemical gating effect by EC-STM technique. 

The other gating methods are also very attractive for the realizing true three terminal 

single molecular devices, such as temperature gating and PH value gating. 
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