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Incorporating Single Molecules into Electrical 

Circuits. The Role of the Chemical Anchoring Group 

Edmund Leary,a,c,* Andrea La Rosa,b  M.Teresa González,a Gabino Rubio-
Bollinger,c Nicolás Agraïta,c  and Nazario Martína,b,* 

Constructing electronic circuits containing singly wired molecules is at the frontier of 

electrical device miniaturisation. When a molecule is wired between a pair of electrodes, the 

two points of contact are determined by the chemical anchoring groups, located at the ends of 

the molecule. At this point, when a bias is applied, electrons are channelled from a metallic 

environment through an extremely narrow constriction, essentially a single atom, into the 

molecule. The fact that this is such an abrupt change in the electron pathway makes the nature 

of the chemical anchoring groups critically important regarding the propagation of electrons 

from the electrode across the molecule. A delicate interplay of phenomena can occur when a 

molecule binds to the electrodes, which can produce profound differences in conductance 

properties depending on the anchoring group. This makes answering the question “what is the 

best anchoring group for single molecule studies” far from straight forward. In this review, we 

firstly take a look at techniques developed to ‘wire-up’ single molecules, as understanding 

their limitations is key when assessing a molecular wire’s performance. We then analyse the 

various chemical anchoring groups, and discuss their merits and disadvantages. Finally we 

discuss some theoretical concepts of molecular junctions to understand how transport is 

affected by the nature of the chemical anchor group.     

 

 

1. Introduction 

The great attraction with “Nanoscience” and “Nanotechnology” lies 
in the potential to control matter at its most fundamental level. The 
logical limit of this involves the manipulation of individual atoms 
into specific arrangements in order to obtain particular desired 
properties. In the branch of Nanoscience known as Molecular 
Electronics, the drive is to fabricate electronic devices in which the 
active elements, transistors, diodes and switches for example, are 
built from individual molecules. Using the vast chemistry toolkit it is 
possible to construct almost any structure. The ability, however, to 
incorporate the molecules into a circuit in a similarly atomically 
precise way, one at a time in a controlled fashion, is the crucial 
aspect that has yet to be mastered. This problem has, perhaps, proven 
the critical stumbling block of the subject and lies at the heart of 
problems concerning experimental reproducibility.   

A ‘chemical anchoring group’ can be defined as an atom, or group of 
atoms, placed at each end of a molecular wire, having good affinity 
for the electrode material in order to bind the molecule to the 
electrodes such that transport takes place primarily through the 
molecule. It is sometimes feasible that the electron pathway can 
bypass the atoms of the anchor group, however the groups should at 
least orient the molecule in such a way that the major transport is 
through the molecule. A schematic representation of a single 
molecule junction is shown in Figure 1. In the simplest case, the key 
components of the molecule are the functional unit, the part of the 

molecule expected to behave as a wire, resistor or switch, and the 
anchoring groups, which are normally placed at the termini of the 
wire. Additionally, a spacer unit can be incorporated to separate the 
functional unit from the ends of the molecule for better control via, 
say, a third, gating, electrode.1 In this review we shall mainly restrict 
the discussion to experiments and theory using gold as the electrode 
material. Although other materials have been explored, such as 
silver,2 indium tin oxide3 and, more recently, graphene,4 which are 
worthy studies in their own right, they represent a minority part of 
the work devoted to studying the molecular binding. 

Figure 1. (Left) A schematic representation of a single molecule junction 
highlighting the key components, namely the anchor groups, a functional unit,
spacers (alkyl chains for example) and the enclosing electrodes. (Right) More 
realistic representations of a junction showing different atomic configurations 
of the binding to the electrodes. 
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The main experimental techniques designed to ‘wire-up’ individual 
molecules, which have been developed over the past decade, in the 
main rely on the probabilistic formation of molecular junctions over 
many repeated attempts. This methodology has allowed insights into 
many structure-property relationships, such as how the conductance 
varies with molecule length,5 6 conformation,7 8 degree of 
conjugation,9 metal complexation10 11 and redox state.1 12 There are, 
however, some major drawbacks to forming junctions in such a 
spontaneous fashion, which can be viewed as a form of self-
assembly. It turns out to be very difficult to control the 
molecule|electrode interface, particularly in terms of the shape of the 
electrodes and the precise coordination of the molecule. When a 
molecule binds, it can do so in many different geometries, related to 
the shape of the nano-electrodes as highlighted in Figure 1, which 
shows just a couple of potential binding arrangements. This is 
believed to be one of the main reasons for the strong conductance 
fluctuations generally observed from junction to junction, and indeed 
as an individual junction is stretched. Another factor which leads to 
conductance fluctuation is the lack of fine control of the number of 
molecules in a single junction. It is reasonable to assume that the 
probability of having a two or three molecule junction is similar to 
that of a single molecule junction. Together, these factors ultimately 
lead to a broad distribution of measured conductance values, 
typically more than one order of magnitude, and makes comparing 
the properties of different molecules somewhat problematic. A 
reproducibly broad distribution is not fundamentally detrimental for 
a good comparison, but it is very rarely the case to find such a high 
level of reproducibility in single molecule experiments. This can 
perhaps be traced to the difficultly in generating the same 
distribution of binding geometries and molecular surface coverage in 
each experiment. 

The terminal chemical anchor groups can, however, be easily varied 
to study their general influence on conductance and binding 
propensity. This provides us a handle with which to control the 
contact between molecule and electrode. Varying these groups 
allows us to probe the transport effects of weak and strong binding, 
and also mono and multidentate modes of binding, as we shall 
elaborate on in Section 3. Learning to control this key part of the 
junction will bring us closer to a fully atomically engineered single 
molecule device. Before we discuss this any further, we shall first 
review the main techniques of wiring single molecules, which is 
important for understanding the way in which the anchor groups 
behave in the various experiments, and why some groups may be 
better suited than others depending on the measurement method.      

2. Contacting Individual Molecules 

There are, at present, several basic ways of trapping individual 
molecules between a pair of metallic electrodes and measuring 
the conductance. The methodology is different to that used to 
assess the conductance of self-assembled monolayers (SAMs), 
which predates single molecule studies.13 To investigate the 
individual molecule regime, the focus is on creating electrodes 
with dimensions of just a few nanometers, and a separation of 
similar proportions. This is often done by utilising the tip and the 
surface of a scanning tunnelling microscope (STM)14 15 or a 
conductive atomic force microscope (AFM),16 or indeed by 
breaking a thin metallic wire using a mechanically controllable 
break-junction (MCBJ).17 In all methods it is necessary to apply 
a bias voltage between the two electrodes, usually in the range of 
0.1 to 0.5 V. Such low voltages are preferable for the BJ 
technique to avoid high electric fields due to the narrow gap 
created (e.g. if V = 0.5 V and z = 0.5 nm, the field is 1x1010 
V/m). Higher voltages can be achieved at larger inter-electrode 

spacings. Generally speaking, there is no limitation on the 
environment in which measurements can be performed, for 
example vacuum,18 air19 20 and various liquids such as organic 
solvents14 21, aqueous electrolyte15 22 and ionic liquid1 have all 
been used, although there are growing numbers of accounts 
where the environment is considered to influence the 
experiment.23 24  
In each method it is assumed there is a finite probability that 
molecules will bridge the gap between each electrode and that 
the gap can be varied without the molecule becoming detached. 
A robust link between the molecules and the electrodes is vitally 
important as these techniques are typically blind in nature, and to 
identify the presence of a molecule the conductance of the 
junction is commonly monitored as a function of electrode 
displacement. If a molecule becomes chemically bound then a 
plateau in conductance is usually observed as the junction is 
elongated (see Figure 3). It is also possible to look for particular 
features in current-voltage (IV) traces, such as Coulomb 
blockade or vibrational (elastic tunnelling) events to identify the 
presence of a molecule. A combination of both forms of analysis 
is optimal as IV traces give information about the electronic 
structure of the junction, such as the level alignment, but 
conductance-distance traces yield information about the 
geometry of the junction and confirm whether the molecule is 
physically bound to both electrodes. In a growing number of 
experiments, prior imaging of the molecules is becoming a key 
step. This allows specific targeting of isolated molecules, which 
is a distinct advantage over other procedures as it ensures that 
multiple molecules do not form the bridge. On the downside, 
small molecules are difficult to measure in this way at room 
temperature due to their high diffusion, making large molecules 
better suited.  
We shall now elaborate on the principle methods to gain a deeper 
understanding of their merits and limitations. As we shall see the 
different methods place different demands on the nature of the 
anchor group. 
  

2.1 Mechanically controllable break junctions. 

MCBJs, introduced in 1985 by Moreland and Elkin, who coined the 
term ‘break junction’, use a thin metal wire mounted on top of a 
bendable substrate which can be repeatedly broken and reformed.25 
The substrate, typically a phosphor bronze, is mounted to a central 
piezo stack and two fixed side counter supports. The wire is broken 
by moving the piezo up, causing the substrate to bend and the wire to 
stretch until breakage. To reform the junction the piezo is moved 
downwards. A distinct advantage of MCBJs is that the metal wire 
can be cooled to cryogenic temperatures intact, and subsequently 
broken under the conditions of cryogenic vacuum. This creates a 
clean fracture surface which, coupled with the precise positioning of 
both sides of the junction, means measurements can be easily 
performed in the absence of contamination. Another unique aspect of 
MCBJs is their vibrational stability, which is of the order 10-4 nm 
and is a consequence of the short mechanical path between the two 
sides of the junction. This is upwards of two orders of magnitude 
more stable than an STM.  Further enhancement of the mechanical 
stability can be achieved by using e-beam lithography to define the 
metallic wire.26 

Muller et al.27 and Van Ruitenbeek et al.28 first employed non-brittle 
materials like gold to form contacts. This work paved the way not 
only for the application of MCBJs towards molecular electronics, but 
also subsequent STM-based techniques. The first BJ experiment 
carried out with molecules was reported in 1997 by Reed et al.17 In 

Page 2 of 21Chemical Society Reviews



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3  

their pioneering study, they coated the electrodes with 1,4-
benzenedithiol and pushed them together to form a 
metal|molecule|metal sandwich, demonstrating for the first time the 
feasibility in studying nanoscale molecular junctions. Kergueris et al. 
carried out a similar investigation using 2,2’:5’:2’’-terthiophene-
5,5’’dithiol.29 They found asymmetric current-voltage (IV) curves, 
which they attributed to the presence of low numbers of molecules 
within the junction. This idea was pursued further by Weber et al. 
who compared a symmetric and asymmetric molecule which, they 
hypothesised, should give symmetric and asymmetric IV traces 
respectively.30 They did find such behaviour, which seemed to 
confirm the low number of molecules in such junctions. However, as 
Kergueris showed, asymmetric IVs were obtainable for symmetric 
molecular structures. This means that from analysis of IV curves 
alone, one cannot infer purely single molecule junctions.  

MCBJs, in comparison with STMs, have certain particular 
drawbacks that favour the STM in several aspects. In particular, 
MCBJs require an elaborate preparation, and to change the 
electrodes involves making a completely new device. An STM, on 
the other hand, is designed for easy replacement of both the tip and 
the surface, meaning one can be changed independently of the other 
if there is a problem. Having two electrodes with narrow tips makes 
it harder to obtain the desired coverage of molecules in an 
experiment. An STM, on the other hand, has a large, flat, surface 
which allows many different regions to be explored. Several other 
factors, including slower electrode separation speeds and 
uncertainties in stretching lengths, further detract from their use as 
the most efficient tool for molecular conductance studies. The 
versatility of the STM makes this a more effective measurement tool 
on many levels, as shall be discussed in the following section.        

 
2.2 Scanning probe based methods 

2.2.1 Molecular STM break junction method. The most abundant 
technique for creating single molecule junctions is the STM break 
junction (STM-BJ), demonstrated by N. J. Tao and collaborators in 
2003, in which the tip of an STM is driven in and out of contact with 
a gold substrate covered in molecules (Figure 2).14 Gold is ideally 
suited for these experiments for one major reason: its inertness. The 
vast majority of metals have, under exposure to the air, a layer of 
oxide of varying thickness. For single molecule conductance studies, 
having a layer of uncertain thickness introduces an unknown 
resistance in the circuit, making it impossible to ascertain a reliable 
molecular resistance. Gold does not form a natural oxide layer upon 
exposure to air, but it does show high affinity for thiols, making 
them an obvious choice to anchor molecules in a robust manner. 
  
In the original experiment the electrodes were immersed in a 
solution of molecules and the measurements carried out in situ. 
Successful experiments can also be achieved by dip-casting 
preparation techniques, subsequently working under solvent-free 
conditions.19 Once sufficient contact between tip and surface is 
made, the tip is withdrawn, and the measured current (I), or more 

commonly the conductance (G = I/V), in units of the conductance 
quantum G0 (77.5 µS, 2e2/h), is plotted as a function of the distance 
travelled by the tip (z). Plotting G vs z generates conductance-
distance traces, examples of which can be seen in Figure 3.  
 
The main aspects of these traces can be divided into several parts. 
Firstly a series of steps are apparent which terminate close to 1 G0. 
These are a common feature of all traces (although sometimes they 
are unobservable due to equipment limitations), and signify the final 
stages of rupture of the gold-gold junction, which often ends in a 
single atom. The rupture then causes the sudden generation of a 
nanoscale gap typically measuring in the region of 4-6 Å. When a 
molecule is not trapped in the junction, the only transport 
mechanism is tunneling through the measurement medium (trace 1, 
Figure 3), which can be vacuum, air or solvent. This takes place 
directly from electrode to electrode and results in an exponential 
decay of the conductance with distance, the slope of which is 
determined by the energetic height of the tunnel barrier, until the 
noise of the instrument is reached.  
 
When molecules are present in the vicinity of the freshly created 
electrodes, one or a few may migrate into the junction to bridge the 
narrow gap. It is at this point that the main charge transport pathway 
across the junction takes place through (potentially) one molecule. 
This results in a conductance plateau upon further separation of the 
electrodes (traces 2-4, Figure 3). The presence of such a plateau in G 
implies that the molecule provides a relatively constant pathway for 
the current to travel along and can accommodate the change in inter-
electrode spacing by tilting and sliding with respect to the electrodes. 
In molecular junctions the “plateau” is never very flat however, and 
may contain sudden jumps, either up or down, and may also possess 
a gentle overall slope. The reasons for this behavior are invariably 
difficult to pin down precisely, however, it is normally assumed to 
be the result of changes in adsorption of the anchor groups, atomic 
rearrangements of gold atoms due to stress, conformational changes 
within the molecule and/or addition of other molecules to the 
junction. Ultimately, the build-up of tensile stress on the junction 
will cause it to rupture at its weakest point, which is seen as a sudden 
drop in conductance from the plateau as the system relaxes. The 
opening and closing cycle is normally repeated many times in order 
to build a statistic of as many different junctions as possible. For Figure 2. Schematic representation of the molecular STM-breakjunction 

technique (also applicable to the MCBJ technique). 

Figure 3. Typical conductance traces from the BJ method shown offset in x. 
For reference, the current (I) is displayed on the right hand y-axis. Trace 1 
shows the typical conductance profile in the absence of wired molecules, i.e. 
simple tunnelling. Traces 2-4 all show conductance plateaus representative of 
molecular junction formation. The molecule used was 4, 4’-
bis(mercaptomethyl)biphenyl. 
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Figure 5. The essential steps in the non-contact STM techniques where the 
molecule first must jump to contact. 
 

Figure 4. 1D and 2D histogram generation from individual conductance 
traces of NH2-OPE3-NH2, where 3 denotes the number of Ph rings. The 2D 
histogram contains more traces than shown in b for clarity. 
 
practical reasons the limit of repetitions usually falls in the range of 
thousands to tens of thousands of cycles. 
  
The standard manner to summarise the recorded traces is to plot 
histograms of the conductance and the conductance versus distance. 
This generates one and two-dimensional histograms (Figure 4c and 
4a respectively) which allows the general conductance profile of a 
compound to be compared with another, and also with other results 
for the same compound.  
 
The detailed mechanism of how each junction forms in the STM-BJ 
method usually remains unclear, although some general situations 
can be envisaged. It is possible that a molecule is already bridging 
both electrodes, before the gold junction is broken, to the side of the 
neck. Once established, the molecule can diffuse into the gap whilst 
remaining anchored. This is assumed to be the situation when the 
conductance plateau is visible immediately after the gap opens (trace 
2, Figure 3). Alternatively, no molecule may be bridging the junction 
initially, but one may jump into contact after a certain time. This is 
likely to have happened when an initial exponential decay of the 
conductance is observed, followed by a jump to a plateau (trace 3, 
Figure 3). It is also possible that a junction can break and reform 
during the course of a single measurement. If this happens 
frequently, it may be an indication of an anchor group’s specificity 
to certain binding sites. The ratio of unbroken (trace 2, Figure 3) to 
broken (traces 3 and 4, Figure 3) plateaus can potentially yield 
information on the strength or specificity of binding.31 On a simple 
level, one can argue that a weakly bound molecule is expected to 
detach more frequently than a strongly bound molecule, displaying 
more broken plateau traces. On the other hand, this idea may not 
hold for anchor groups which bind preferentially to certain 
coordination sites, which when pulled may not be able to maintain 
their preferred binding. Other factors can be expected to play a role 
in trace profile, such as molecular surface coverage. Wiring more 
than one molecule, for example, will reduce the probability of 
observing clear, individual molecule, detachment events. 
  
2.2.2 STM non-contact methodology. Closely related to the 
molecular STM-BJ technique are the methods developed by Haiss 
et.al. which are also based also on trapping molecules between the 
tip and surface within an STM (Figure 5).15 32 The crucial difference 
is that contact between tip and surface is avoided. In the ‘Is’ 
technique (I = current, s = distance), the tip is brought into close 

proximity with the surface using a predetermined set-point current. 
After waiting, the tip is withdrawn in a similar manner to the STM-
BJ method, and by a similar distance. The same statements described 
above also apply here in determining whether a molecule bridged the 
gap during the measurement cycle. Here, however, it is assumed that 
molecules must initially jump between the tip and the surface in 
order to bridge as no metal-metal contact is formed. The starting tip-
surface distance must also be estimated when evaluating the 
breakdown distance of each junction. To do so, the average barrier 
height (in eV) must be obtained, however as this may change from 
point to point on the surface, there is the potential for some 
uncertainty in absolute distance calibration. This procedure is 
usually carried out on a surface with a low coverage of molecules to 
avoid the formation of self-assembled islands or monolayers, which 
are unlikely to favour single molecule junctions. The flatness of the 
surface, on the other hand, is preserved, unlike in the BJ method, 
allowing the structure of at least one of the electrodes to be 
reasonably controlled. This means that experiments can be 
performed on flat terraces (ensured by prior imaging) clarifying one 
of the electrodes (although binding to adatoms is potentially 
possible). The tip should also have a lower curvature as it is not 
continually crashed into the surface. These aspects could result in 
different possible contact geometries between the molecule and the 
tip, as has been postulated.32 33 A requirement of the non-contact 
method is that molecules must spontaneously ‘jump’ from the 
surface to the tip through one of their anchor groups. This implies 
that the anchor (and indeed the molecule) should have a reasonably 
dynamic interaction with gold.  
 
In both methods, STM-BJ and non-contact-STM it is possible to 
estimate the electrode separation at with the molecular junction 
breaks down. In the STM-BJ experiment, the point at which the gold 
junctions break can be used as a reference for calibration. One must 
estimate the amount of unseen retraction (also known as ‘electrode 
snapback’), which may give an error of roughly 1-2 Å in absolute 
terms. The comparison of the stretching length with the known 
length of the molecule allows us to check that we are, for example 
not wiring multilayers of molecules. It also allows us to be confident 
that the conductance plateaus are indeed related to the molecules we 
deposit, and not, perhaps, a contaminant. Both technique rely on the 
probability that a low number of molecules are found bridging the 
metal gap. This is usually confirmed by the junction breakdown 
distance. However, the absolute number is not directly observable, 
and cannot be elucidated from the conductance or the breakdown 
distance. 
 
In the early STM studies, multiple conductance peaks with integer 
spacing were presented, the lowest of which used as evidence of the 
formation of single molecule junctions.5 14 Sometimes, non-integer 
spaced peaks were found, with the explanation that these arise from 
distinct binding configurations of the anchor groups. This was the 
case for alkanedithiols, and up to three distinct conductance groups 
have been seen in individual measurements.34 33 35  Other studies 
have, however, failed to find the same behaviour, and instead a 
single dominant broad peak is observed.36 The reasons for these 
different observations are not fully understood, and are normally 
explained by different discrete binding geometries, different 
molecular conformations or aggregation of molecules. Another 
plausible explanation may lie in the different methods of data 
analysis that are used by each group. As the signature of a molecular 
junction is open to some interpretation, it is possible for similar data 
sets to be represented differently by different analysis methods. 
Indeed, it is possible that data which would be rejected by one 
method, is included in the final analysis in another. The lack of a 
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standard way of treating and presenting data can make it hard to 
compare results from different laboratories. One final factor in the 
varying numbers of observed conductance values could be the range 
of conductance explored in each measurement. This depends on the 
sensitivity of the equipment used. 
 
The implications are profound as to whether multiple molecule 
junctions can be observed in discrete groups. If it is the case, then it 
would mean that the influence of the binding group on the 
conductance is quite low. This would indicate that either different 
binding sites affects the conductance little, or perhaps that only 
certain bindings are seen in the measurement. The observation of a 
broad peak, on the other hand, with a width of about one order of 
magnitude in the log histogram representation suggests that the 
effect of the binding of the molecule is relatively large, which 
therefore should wash out the final observation of multiple molecule 
junctions.  

Despite these experimental concerns, there are examples of high 
levels of agreement for certain compounds over several methods 
from several laboratories. A particularly nice example is for the 
measurement of oligo(phenylene ethynylene) molecules (OPE) with 
thiol terminal anchor groups. OPE molecules with three benzene 
rings have been studied independently by several groups using both 
the STM-BJ,19 37  non-contact-STM38 and MCBJ9 37 39   techniques 
in ambient and liquid conditions, where very similar conductance 
histogram profiles have been found in all cases. On the contrary, low 
temperature experiments have not been as successful in replicating 
room temperature studies. For example, in an STM-BJ experiment 
under liquid conditions performed by Venkataraman et.al, 1,4-
benzenediamine (BDA) was found to show a much narrower 
conductance distribution that its thiol counterpart 1,4-benzenedithiol 
(BDT).40 This result could not be reproduced by Martin et al. who 
studied the same two molecules at 77 K using an MCBJ.41 They 
found a broad conductance histogram for BDT, and hardly any 
signal for BDA. Compared to the reference sample in toluene, even 
the signal of BDT was low. This rather in fact suggests a general 
difficulty in forming molecular junctions at low temperature using 
BJs. The number of traces recorded was low in comparison with the 
STM results, 300 versus 10,000 in the STM study. In the same 
study, Martin et.al. measured 1,6-hexanedithiol, and found that the 
histogram peak depended on the amount to which the gold was fused 
before separation. A large gold-gold contact resulted in suppression 
of the peak, suggesting that molecular junction formation is, in part, 
controlled by diffusion of the molecules into the junction. In 
comparison to the results of Martin, Tsutsui et al. found conductance 
histograms of BDA similar to that in ref40 using an MCBJ operating 
under vacuum at room temeprature.42 Clearly, therefore, at low 
enough temperatures, molecular motion becomes frozen, hindering 
the ability to form junctions via diffusion. It is likely that the 
mobility is strongly determined by the anchor group, as this is the 
part of the molecule which interacts the strongest with the 
electrodes. Hence, at low temperatures, these results suggest that it 
may be beneficial to use even weaker anchor groups to aid the 
formation of junctions when applying the BJ technique.  

2.2.3 Prior imaging methods. A better way to measure the 
conductance of only one molecule, as opposed to the previously 
discussed ‘fishing’ techniques, is to image an individual molecule 
before it is contacted. Only in this way can it be agreed that one 
molecule is studied. Cui et al. developed an innovative approach 
using a conducting-AFM to contact gold nanoparticles capping 
alkanedithiol molecules embedded in a matrix of alkanethiols.16 The 
nanoparticles sit ontop of only the dithiol molecules, and due to their 
high dilution, it was assumed this should mainly correspond to 

individual molecules. The small size of the nanoparticles used (1.5 
nm), however, created problems associated with charging effects of 
the nanoparticle itself. When larger nanoparticles were used, a 
greater spread of conductance values was found, presumably due to 
a higher density of dithiols under the nanoparticle.43 These issues 
have left this procedure relatively unused.  
Pinpointing the location of molecules on a surface is routine using 
low temperature STM, in which the motion of molecules is frozen, 
allowing high-resolution images to be recorded before the molecule 
is contacted. This has been achieved, most notably, by pressing the 
tip onto individual C60 molecules.44 45 46 Apart from this, relatively 
few studies have been devoted to studying single molecular wires at 
low temperature. Notable examples include: a single polyfluorene 
chain,47 a single polythiophene chain,48 a perylenetetracarboxylic 
dianhydride (PTCDA) molecule49 and octanethiol.50 Notably, in each 
of these examples there is a lack of conventional binding groups at 
each end of the molecule. Under UHV, it is possible for most atoms 
to bind to the clean metal surfaces, which are free from 
contaminants. Under non-UHV conditions, the adsorption energies 
of physisorbed species, such as these mentioned above, would be 
much too low and could not compete with other molecules from the 
atmosphere. Further drawbacks of the low temperature UHV 
approach lie in the fact that not all molecules are suitable, only those 
that can be deposited under UHV conditions, or generated in situ 
from a precursor are viable. This usually rules out large or unstable 
molecules.  
 

In an attempt to marry the two methodologies of low temperature 
imaging with the ease of room temperature operation, we have 
recently introduced an ambient condition approach to the ‘targeted 
wiring’ methodology through the use of molecules terminating in 
C60, known as dumbbells due to their overall shape (Figure 6).51 
These bulky groups prevent significant movement of the molecule 
across the surface under ambient conditions, allowing the tip to be 
placed accurately over one of the C60 groups. The C60 then becomes 
the anchor group once the molecule is lifted. This procedure will be 
discussed in more detail in section 3.3. The important result of these 
measurements was to reveal the variation in conductance produced 
just by one molecule, which can be directly attributed to the 
geometry of the molecule in the junction. 
Perhaps one of the main drawbacks to room temperature STM 

Figure 6. The targeted wiring approach. The image in (a) shows the 
appearance of the terminal C60 groups. The same image is represented in the 
3D sketch of the junction. Reprinted with permission from ref 51. 
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experiments is the inability to form long-lived junctions. This is 
limited by the stability of the microscope, which under optimal 
conditions gives a drift of the tip in x-y of about 10 pms-1. This 
places a limit of about a minute in which the tip remains close to its 
original position. To carry out studies into the stability of molecular 
contacts over longer periods, it is preferable to keep the relative 
position of the electrodes constant. This is achievable by using 
mechanically controllable break junctions (MCBJs), which we shall 
now briefly discuss.     
  

 

3. Chemical Anchoring Groups.          
 
The bonding between a molecule and a metal is weak in comparison 
with the typical bonds which form the molecule. Compared with 
covalent bonding, like a carbon-carbon single bond with a bond 
energy of around 4 eV (92 kcal), a metal-molecule bond is usually 
weaker, in the range of 0.5 to 2 eV (11.5 to 46 kcal). The ensuing 
charge transfer between metal and molecule upon binding 
(potentially in either direction) occurs in order to equilibrate the 
chemical potential across the junction. This is expected to result in 
the formation of a dipole at the interface, which should determine the 
final value of the Schottky barriers, giving rise to the potential to 
dominate the charge transport characteristics of the junction.52 For 
this reason, the nature of the chemical anchor group will strongly 
influence the amount of charge transfer and the final energy level 
alignment (i.e. the relative positions of the HOMO/LUMO with the 
Fermi level). Another aspect influenced by the anchor group is the 
electronic coupling between the metal and the molecule, which 
essentially describes the degree of the hybridisation with metal 
states. In practice, the level alignment and coupling can be 
determined experimentally.53 To elucidate the role of the anchor 
group, systematic studies are needed where the molecule remains the 
same and only the anchor group is substituted. As we shall see in the 
following sections, although such studies have been carried out, 

there is still plenty of room for further, more comprehensive 
comparisons. Many times, practical reasons dictate the choice of 
anchoring group, such as ease of chemical synthesis, junction 
stability and the propensity for conductance fluctuations. Shown in 
Figure 7 are the chemical structures of a wide range of groups which 
have been tested to some degree.  
Below we have listed some of the types of anchoring group, along 
with an example reference. Each group can be classified according 
to the number of binding atoms:  

       
• Monodentate anchor groups: These bind through one 

atom only. Examples include; thiol,17 amine,54 
cyano,55 isocyanate,56 isothiocyanate,57 selenol,58 
pyridine,59 phosphine,60 diazonium compounds,61 
organotin compounds62 and trimethylsilyl protected 
alkynes.63 64 It should be noted that the last three 
examples are all believed to form Au-C bonds. 

• Bidentate anchor groups: Two atoms form the 
contact. They include; nitro compounds,53 carboxylic 
acids65 66 8 and dithiocarboxylic acids.67 

• Multidentate anchor groups. These include larger 
groups which can bind through partial or whole facets 
of the group. The number of atoms involved in the 
contact is not necessarily defined. This includes C60

68
 

51 69
 and pyrene.4  

 

3.1 Monodentate anchoring groups 

 

3.1.1 Gold-sulfur linkage – The archetypal 

contact 

 

The proto-typical chemical group in single molecule electronics is 
the thiol, which binds readily with gold surfaces. The gold-sulfur 
bond is commonplace in many areas of nanoscale research and is 
widely used to anchor organic and biomolecules to surfaces and is 
noted for its ability to form ordered self-assembled monolayers 
(SAMs).70 Thiols (RSH) are used extensively to cap gold 
nanoparticles, forming a stabilising shell to protect the nanoparticle. 
The accepted mechanism of Au-thiol bond formation involves the 
generation of a thiyl radical (RS•) to form a strong Au-S bond which 
is considered covalent. In recent years it has become clear that the 
strength of this bond is responsible for significantly modifying the 
interface of thiolate-SAMs and thiolate protected gold nanoparticles 
(GNPs). In the case of thiolate-SAMs, it is normally difficult to 
elucidate the precise atomic arrangement of the interface. Figure 8 
shows some possible binding modes of thiolates to gold.   
 
On the other hand, by means of x-ray crystallography, the atomic 
structure of certain GNPs is known. The surface of the thiolate-
protected nanocluster Au102(p-MBA)44, prepared by the “one-phase” 

Figure 7. The chemical structures of various anchor groups and their 
coordination bonding to gold. Note that the diazonium, organotin and 
trimethylsilyl groups are cleaved upon exposure to gold to form Au-R. 

Figure 8. Different proposed binding modes of thiols to a gold surface. 
Reprinted with permission from ref 151.  
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method, and where MBA is p-mercaptobenzoic acid, has been found 
to be surrounded by two types of “staple” motifs: RS-Auad-SR and 
RS-Auad-RS-Auad-SR (ad = adatom).71 This work showed that the 
surface of a GNP is not a smooth sphere, as once believed, and 
brings to the fore the non-trivial nature of the gold-thiol interface. 
Recent STM images of low coverages of several different thiolates 
have reinforced the adatom binding picture by observing similar 
structural motifs as seen in the nanoparticles.72 
 
Thiols, in particular aromatic thiols, are known to oxidize readily, 
and previous work with α,ω-alkanedithiols has suggested that they 
can form multilayers on gold via disulfide linkages or that they can 
form ring structures in which both ends of the molecule bind to the 
surface. Protection of the thiol group is ready achieved in several 
ways, most commonly via the use of the acetyl protection moiety. 
This methodology was examined by Tour et al. who studied SAM 
formation for a whole series of aromatic compounds with thiol and 
thioacetate terminal groups. They found that the acetate 
spontaneously cleaves on exposure to gold, allowing SAM 
formation, and that development of the SAM does not progress 
beyond a monolayer unless a specific deprotection agent, such as 
NH4OH, is added. We have performed BJ studies on acetyl-
protected oligophenylene ethynylene (OPE) wires under different 
environmental conditions. In both solvent and solvent-free 
conditions, we found the same conductance signature found for the 
deprotected, free thiol, molecule. However, performing the 
experiments in the presence of solvent reduced the probability of 
forming junctions compared to the solvent-free, ambient 
environment. We attributed this effect to there being a lower amount 
of water available to cleave the acetyl group under solvent (which 
was either 1, 2, 4-trichlorobenzene or mesitylene). 
There are, of course, many other ways of protecting thiols, all of 
which, however, require specific deprotection to liberate the thiol on 
gold. In particular, one strategy which has been shown to allow 
single molecule junctions without deprotection is by the use of 
methylsufide termini. The methyl group is not cleaved upon 
exposure to gold, but is small enough so that the sulfur atom can still 
coordinate using one of its lone pairs. For alkanes, the results were 
comparable to the amine linked analogues. 
 
Research with thiols in single molecule studies stems from the early 
electron transfer studies carried out on SAMs.73 In these early 
measurements, thiols were used to bind the molecule strongly to the 
electrodes, and the backbones were chosen to be structurally 
uncomplicated, such as simple alkane chains or benzene rings. Such 
systems were, therefore, the primary target of the first single 
molecule studies. However, despite their seeming simplicity, a state 
of disagreement, or perhaps confusion, has existed for many years 
over whether a well-defined conductance exists for such simple 
molecules as 1,4-benzenedithiol (BDT) and different length α,ω-
alkanedithiols. Throughout the literature, reported values of single 
molecule conductance of BDT range from approximately 0.5 G0 to 
10-4 G0.

40 74 75 76 In several cases, only one value is quoted, whilst in 
other studies conductance values are observed over the whole range 
reported. This is a huge variation if we consider just the conductance 
of a metal nano-contact, where the spread of values is actually low 
enough to observe histogram peaks related to junctions with discrete 
numbers of atoms.77 A relevant question to ask is whether or not the 
variation in molecular junction conductance originates from the 
nature of the Au-S bond, variations of which can be seen in Figure 8, 
or can it be explained by other experimental factors?  
 
Xu and Tao initially reported conductance values for 1,6-
hexanedithiol (HDT) and 1,8-octanedithiol (ODT) of 1.2 x 10-3 G0 

and 2.5 x 10-4 G0 respectively using the BJ method.14 Shortly after, 
Haiss et. al. reported significantly lower values for the same 
compounds, 3.2 x 10-5 G0 and 1.3 x 10-5 G0 for HDT and ODT, using 
the non-contact wiring methods.32 In a subsequent study using the 
BJ method, Li et. al. reported an intermediate value for ODT of 5.2 x 
10-5 G0 whilst also observing the higher value reported by Xu and 
Tao.34 Li et. al. could observe conductance plateaus in the same 
region as Haiss, but they did not observe a well-defined peak in the 
conductance histogram.34 Likewise, using the non-contact approach, 
the intermediate conductance value of ODT was observed by Leary 
et.al.78 In several subsequent studies, all three conductance values 
have been seen, although the postulated origins differ greatly. Li 
et.al. proposed that the high and medium values were due to 
different contact configurations, whilst the low value originated from 
a gauche defect in the alkane chain.35 Haiss et.al. proposed that each 
group corresponded to a different contact configuration, with the 
higher values relating to higher coordination numbers of the sulfur 
atom with gold.33 On the other hand, Gonzalez et.al. suggested that 
the high conductance group was in fact due to multiple molecules 
being present in the junction.79 This was based on the observation 
that the highest conductance values only appeared when they did not 
form a gold-gold junction in the opening and closing cycle of the 
electrodes. 
 
Monitoring the conductance alone, as these studies have done, 
provides very little information about the mechanics of the contact. 
In order to obtain a deeper insight, several groups have looked not 
only at the conductance, but also the force applied to the junction 
under tension. Xu et.al. used a conducting-AFM to measure the force 
required to break junctions of ODT. They reported a value of 1.5 nN 
for junctions with a conductance equal to the high value previously 
found by the same authors. They attributed this to the breakdown of 
the junction at one of the Au-Au bonds in the electrodes. The value 
is very similar to that measured for Au-Au junctions in the absence 
of molecule,80 which likely indicates that the Au-S bond is stronger 
than the Au-Au bond, and that the molecule may pull gold atoms 
from the electrodes before rupture takes place. In a more recent 
study, Nef et.al. also measured the breakdown force of ODT 
junctions, finding the same mean force as Xu.81 In this study, 
however, the conductance associated with this breakdown force was 
1.1 x 10-5 G0, i.e. in accord with the lowest reported conductance for 
this molecule. Both studies, therefore, indeed seem to be measuring 
the breakdown of molecular junctions, but the details of how the 
molecule is bound to the gold, it’s coordination, and the number of 
wired molecules is still illusive. Nef argued that below 10-5 G0, there 
was a sharp cut-off in forces up to 1.5 nN, suggesting at least that 
this conductance is likely to correspond to a single molecule. 
 
Another way to test if the spread in conductance arises purely from 
the nature of the Au-S bond is to substitute the thiol anchor for other 
groups, such as amines, which may bind in a different manner. This 
idea was proposed by Venkataraman et.al.40 who studied junctions 
formed by lone-pair interactions with gold. This will be discussed in 
the next section.   
 
       

3.1.2 Gold interaction with lone pair atoms 

 
Apart from amines, this category includes several groups containing 
N atoms such as pyridine and nitrile. Other p-block elements can be 
successfully used too, in particular S, Se and P. Amines were the 
first of this type tested and it was hypothesised that they would bind 
in a less complicated manner than thiols, hence reducing the spread 
in conductance values.40 Amines are well-known as ligands which 
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bind to a wide variety of metal centres in coordination complexes. 
They sit in the middle of the spectrochemical series (which describes 
the degree of splitting between metal centred bonding and anti-
bonding states upon ligand coordination) due to their weak 
donor/acceptor properties. To prove the efficacy of this group, 
Venkataraman et.al. looked at the length dependence of the 
conductance for a range of amine terminated compounds, including 
alkanes40 and oligo(phenyl)s82 amongst others. In the case of alkanes 
ranging from 1, 2-ethylenediamine (C2) to 1, 12-dodecanediamine 
(C12) a beta (β) decay constant of 0.76 ± 0.01 Å−1 (0.97 ± 0.02 per 
methylene group) was found, which is consistent with an off-
resonant tunnelling mechanism and fully in-line with value found 
from numerous other studies. The beta value is a measure of how the 
conductance is attenuated by increasing the length of the molecular 
backbone in a simple tunnelling picture.83 For the series of 
oligo(phenyl) compounds with 1, 2 and 3 rings, a decay constant of 
0.43 ± 0.02 Å−1, or 1.8 ± 0.1 per phenyl ring, was found. This also 
agrees with previous measurements, and fits with the expectation 
that oligo(phenyl)s should have a lower β factor than alkanes due to 
their smaller HOMO-LUMO gaps and pi-conjugation.  
 
In a breakjunction study by Arroyo et.al. amine and thiol anchor 
groups were directly compared for various length alkanes to 
highlight their differences.36 One of the main aspects which change 
when thiols are substituted by amines in these molecules is the 
behaviour of the gold electrodes. Amines were seen not to modify 
the gold breaking dynamics significantly with respect to unmodified 
gold, evidenced by the normal gold jump-out-of-contact and junction 
separations at breakdown comparable with the length of the 
molecule. On the other hand, the thiol terminated alkanes, strongly 
modified the gold breaking dynamics. This resulted in junctions with 
apparent stretching distances significantly longer than the 
corresponding amines and, indeed, the molecular length, indicating 
mobilisation of gold atoms in the contact. Another observation was 
the ability of alkanes to self-assemble inside the junction. The 
junctions with the longest stretching lengths were also those with the 
highest conductance, and this was interpreted as due to more 
molecules participating in these junctions. Conversely, for the amine 
junctions, the same trend was not apparent, and the conductance was 
much more constant over the length of the plateaus. The overall 
result was that alkanedithiols gave a larger spread in conductance 
values, although how much of this is due to the uncontrolled number 
of molecules in each junction remains unclear. Alkanediamines, it 

was concluded, are more likely to form junctions with fewer 
molecules.  
 
Gonzalez et.al. studied an amine terminated OPE molecular wire and 
found that junctions could be grouped into two main categories 
based on the plateau profile of a molecular junction.31 Two main 
profiles were observed, those with uninterrupted, continuous, 
plateaus from beginning to end, and those with a drop in 
conductance below the noise level which persisted for a certain 
duration, termed ‘broken’ plateaus. Examples of such ‘broken’ 
plateaus can be seen in Figure 9, where the formation (f) of the 
junction and the breakage (b) have been labelled. In terms of the 
conductance spread, this varies upwards of one order of magnitude 
along a plateau and from junction to junction. 1D and 2D histograms 
can be found in reference.31 The junctions showing continuous 
plateaus generally were found to have a higher conductance, whilst 
the opposite was true for the ‘broken’ plateau traces. The 
combination of a slightly lower conductance and the ‘on-off’ 
junction behavior suggests that these junctions more likely contain 
single molecules than the junctions with uninterrupted plateaus. 
Alternatively, without assuming differing numbers of molecules, it 
could be that such junctions actually involve a weaker bound 
molecule, whilst in the continuous junctions the molecule is more 
strongly bound. Contrary to this explanation, however, is the 
observation that the total stretching length of the junctions in both 
cases was very similar, with the broken-plateau junctions in fact 
surviving slightly larger electrode separations. The opposite 
behaviour would be expected if the binding is weaker. The length of 
the plateaus was also measured at differing electrode separation 
rates, and the main outcome was that the length did not vary 
significantly over the range studied (0.1 to 100 nms-1). This shows 
that for amines, the lifetime for thermally induced desorption must 
be larger than the slowest measurement time (a few seconds), and 
junction breakages observed in the experiment are always produced 
by the displacement of the electrodes, which is suggestive of binding 
specificity.   
 
There are several theoretical studies into the binding and 
conductance properties of amine linked molecules to gold. The 
general finding is that amines prefer to bind to under-coordinated 
atoms, showing higher binding energy than on flat surfaces.53 84 In 
terms of the chemistry of amine terminal groups, the lone pair on the 
N atom has a different reactivity depending on whether the amine is 
attached to saturated groups such as alkanes, or conjugated groups 
such as benzene. In the case of aromatic amines, the lone pair is 
conjugated with the pi-electron system, with the result that aromatic 
amines are generally weaker bases than aliphatic amines. The pKa 
value for the conjugate acid of aniline (Ph-NH2) is around 5, in 
contrast to values above 10 for aliphatic amines. The pKa value is a 
measure of the reactivity of electron pairs towards a proton, the 
higher the value, the higher the binding strength. It should provide a 
reasonable estimate to the binding strength of a particular group with 
a metal on the basis of a simple donor-acceptor picture. This can of 
course be different for metals, which have a variety of orbital shapes 
and can back-donate charge depending on orbital symmetry. 
 
Regarding the binding to a metal, the difference in reactivity 
between conjugated and non-conjugated lone pairs should have some 
influence on the strength of the resultant bond. Only a few studies 
have actually been undertaken to assess the binding strength of 
molecules to electrodes, which requires the simultaneous 
measurement of the conductance and force required to break the 
junction. One study has performed such a comparison between 
aromatic and aliphatic amines, specifically 1,4-benzenedimane and 

Figure 9. Typical conductance versus distance traces for amine terminated 
OPE molecules. The conductance can vary over approximately one order of 
magnitude. The letters f and b denote junction formation and breakage 
respectively. 
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1,4-butanediamine. In this study, Frei et.al. found that the mean 
force required to break junctions of 1,4-benzenediamine was 0.53 
nN, whist 0.69 nN were required for the junctions of 1,4-
butanediamine.85 This behaviour fits with the simple expectation 
based on the basicity of the free molecules. Interestingly, the same 
study measured the force required to break junctions of 4,4’-
bipyridine, where the N atom is part of the six-membered ring, 
contributing to the pi-system. The measured force for such junctions 
was found to be 0.80 nN, higher than the amine junctions. Despite 
the lone pair of pyridine being orthogonal to the pi-system, and 
hence formally not being in conjugation with the ring system, the 
basicity of pyridine is still similar to aromatic amines. In order to 
explain the slightly higher than expected bond rupture force values, 
it was proposed that pyridine also involves a contribution to the 
binding from the pi-system itself (i.e. via one face of a pyridine 
ring). Theoretical calculations (Figure 10) support the experimental 
findings, confirming that aromatic amines bind more weakly than 
aliphatic amines.  
 
The same group has shown, however, that binding strength is not 
particularly related to conductance. Despite the higher binding 
strength of 4,4’-bipyridine, the conductance of the structurally 
similar 4,4’-diaminobiphenyl is in fact higher. This is also despite 
the shorter overall length of bipyridine. A similar finding from 
theory was reported by Zotti et.al.53 Two conductance histogram 
peaks of 4,4’-bipyridine were found by Venkataraman et al., 5x10-4 
G0 and 2x10-4 G0,

86 both values being lower than that reported for 
4,4’-diaminobiphenyl of 1x10-3 G0. This suggests that the 
conjugation of the lone pair in the biphenyl molecule outweighs the 
shorter N-N distance in bipyridine in terms of molecular 
conductance. Widowski et.al. compared the junction thermopower of 
4,4′-diaminostilbene (amine anchors) to that of 1,2-di(4-
pyridyl)ethylene (pyridine anchors).87 The thermopower of a 
junction88 gives a direct measurement of the value of the slope of the 
transmission at the Fermi level, including the sign of the slope. They 
found that the diamine gave positive values for the Seebeck 
coefficient (S), indicating transport dominated by the HOMO, whilst 
the pyridine compound showed negative S values, corresponding to 
LUMO transport. This highlights an important role played by the 
anchor group, namely that they can control the level alignment 

within a junction, essentially determining the principle charge 
carriers (holes or electrons).   
 
As previously mentioned, pyridine terminated molecules are 
generally found to show more than one conductance group. One 
particular molecule, which has been studied by several groups, is 
1,2-di(4-pyridyl)ethyne. Martin et.al. have reported three groups of 
conductance,89 Garcia also report three,90 whilst Velizhanin report 
only two.91 Confusingly, the three values found by Martin are not 
exactly the same as those of Garcia, the middle and lower groups of 
Martin agrees the higher and middle groups found by Garcia 
respectively. In other words Martin et.al. find an even higher value 
than Garcia. Quek et.al report two conductance values of the slightly 
shorter 4,4’-bipyridine,86 whilst Martin et.al. again find three. The 
relevant question here is how is a particular conductance group 
defined? This is beyond the scope of the review to answer this 
question, but it seems reasonable, given the number of studies 
reporting a large spread in conductance groups, that the least we can 
assume is that pyridine anchored molecules bind to gold in a variety 
of ways, which produces a large variation in junction conductance. 
Interestingly, Velizhanin et.al. reported that the molecule perfluoro-
1,2-bi(4-pyridyl)ethyne gave only one conductance group, which 
was similar in value to the low conductance group of the non-
fluorinated compound, also measured by Martin and Garcia. They 
reasoned, therefore, that the larger fluorine atoms must sterically 
hinder the pi-system of the pyridine from interacting with the gold, 
which hints at a plausible origin of the large spread in conductance 
values.  
  
As for other groups which bind through N-based lone pairs, cyano 
groups, also known as nitriles (R-CN), have been analysed in several 
studies.55 90 92 A junction formation probability of 60 % has been 
observed in the case of cyano-terminated diaryloligoynes,90 which is 
similar to the percentages found for structurally similar OPE diamine 
junctions.31 From the chemical perspective, nitriles should form 
weaker bound junctions due to their low basicity, the pKa is circa -
10 for the conjugate acid R-CN-H+. As far as we know, no study 
measuring the breakdown force of cyano terminated junctions has 
been undertaken. Theoretically, though, the binding energy of such 
junctions has been calculated, and the energy for the most stable 
junctions in the case of a series of tolanes (diphenylacetylenes) was 
in fact higher for the cyano terminated molecule (0.98 eV) than for 
the amine analogue (0.86 eV).53 The lone pair of the CN group is 
essentially sp hybridised in character, whilst those of pyridine and 
aniline are sp2 and sp3 respectively. The increasing s character of the 
bonding can generally be considered to increase the stability of the 
lone pair in nitriles, decreasing the energy, which reduces the 
reactivity. This effect is commonly observed in coordination 
chemistry where cyano ligands, such as acetonitrile, are readily 
displaced by most other ligands. One possibility for the 
unexpectedly higher binding to gold could be related to the s orbital 
character of gold at the Fermi level, which may provide sufficient 
overlap with the sp nitrile orbital to form a strong bond.  
 
Apart from N-based groups, other p-block elements can bind to gold 
through lone pair interactions. In a study by Park et.al. two thioether 
terminated compounds were examined to test the effect of restricting 
the orientation of the chalcogen atom lone pair.93 The conductance 
of four molecules, 1,4-bis(methylthio)benzene, 2,3,6,7-
tetrahydrobenzo[1,2-b:4,5-b′]dithiophene and their selenium 
analogues was measured using the STM-BJ method. In the cases of 
the tetrahydrodithiophene/selenophene compounds, the orientation 
of the lone pairs is fixed in the plane of the phenyl group pi-system, 
aiding overlap, whilst in the other two molecules, free rotation about 

Figure 10. (A) Calculated total energy curves for 1,4-benzenediamine (red), 
1,4-butanediamine (blue) and 4,4’-bipyridine (green) as a function of 
electrode displacement. (B) Calculated displacement-force curves. Reprinted 
with permission from ref 85. 
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the Ph-S/Se bonds reduces the overlap. Park et.al. found that the 
conductance was slightly increased in the case of the two rigid 
molecules over the rotationally free compounds, which they explain 
through better overlap. Interestingly, practically no variation was 
found between the S and Se analogues. Phosphines have also been 
successfully used to form molecular junctions. Parameswaran et.al. 
tested a series of air-stable PPh2 terminated alkanes finding a β value 
of 0.98 CH2

-1.94 The absolute conductance values were similar to the 
previously reported PMe2 terminated molecules.60  
 
A particularly good example of how the binding groups can 
influence the transport characteristics of the junction was 
demonstrated by Lee et.al. who showed that heat dissipation could 
be controlled by changing the anchor groups from isocyano to 
amino.95 They proved that the sign of the slope of the transmission 
curve of a molecular junction governs in which electrode the 
majority of the heat is dissipated. They showed that the sign could be 
changed from positive for amino to negative for isocyano. This 
behaviour is related to the electron donating or accepting ability of 
the group, which places the HOMO closer to the Fermi level in the 
case of amino, but shifts the LUMO closer for the isocyano. Their 
results show that heat dissipation is directly related to the electronic 
structure of the junction, something which can easily be manipulated 
by the binding to the electrodes.  
 

3.1.3 Direct gold-carbon binding 

 
A recent development in the wiring of molecules to gold electrodes 
has been to explore the possibility of removing the dedicated 
terminal anchor group altogether. Cheng et al. have demonstrated the 
possibility of binding both ends of a carbon backbone to the 
electrodes, in effect forming a Au-C bond at each termini (Figure 
11).62 To do this they employed α,ω-functionalised bistrimethyltin 
compounds which, upon exposure to a gold surface, are thought to 
undergo trans-metallation in which the trimethyltin groups are 
replaced by atoms from the electrodes. Different backbones have 
been tested, the first being a series of alkanes ranging from butane to 
dodecane. The authors found that junctions could be formed with 
very high conductance, significantly higher than the corresponding 
thiol or amine terminated alkanes with identical numbers of carbon 
atoms. This result was based on the comparison of molecules with an 
identical number of CH2 units, which means that the total length of 
the junctions being compared is quite different. If we compare 
junctions with like numbers of atoms from Au to Au, and consider 
the terminal carbons as de facto binding groups, then the direct 
binding is still more conducting, but the difference is reduced. We 
can also compare the conductance of the directly bonded alkanes 
with the alkanedithiols measured in reference 36, again on a like-
numbered atom basis. Doing so we find that the thiols have a 

conductance generally a factor 3-4 times lower than the directly 
bound alkane chains.  
 
Another route to Au-C bond formation is through the use of 
diazonium salts. These are easily prepared from amines and are 
widely used in organic chemistry as electrophilic compounds for 
Suzuki coupling, azocoupling reactions, direct arylation on single 
wall carbon nanotube (SWNT)96 and graphene.97 More recently, 
they have been used in the direct functionalization of silicon98 and, 
interestingly for transport measurements, using conductive materials 
such as gold or gold nanoparticles.99 They are an appealing 
alternative to Au-C bond formation from tin derivatives as, apart 
from being much less toxic, they can be reacted under various 
conditions that may be useful depending on the particular device 
requirements. These methods include: spontaneously reduced by i) 
metal surface, ii) chemical reaction, iii) ultrasonication, iv) heating 
or v) through mechanical scratching. Recently, Pinson et al. have 
also developed a photochemical procedure for grafting diazonium 
salts onto many surfaces.100 All of these reducing procedures lead to 
the formation of direct bond between aryl or alkyl compounds and 
the surface (although the aryl diazonium salts are more stable 
compared with the alkyl compounds). The potential, however, for 
multiple radical reactions to occur, especially if other 
electrochemically active groups are present, may limit the use of this 
chemistry for certain molecules. 
 
Only a few examples of the application of diazonium chemistry in 
the formation of Au-C contacts within single molecule junctions 
have been demonstrated. A nice example is that of Ricci et.al. who 
studied the effect of exchanging the Au-S bond for a Au-C bond in 
junctions of a redox active osmium complexes.101 The molecules 
contained a single Os(bipyridine)3 complex tethered to the 
underlying gold surface through either a thiophenyl or phenyl unit. 
In these experiments, an STM tip was placed in close proximity to 
the surface, pre-functionalised with the respective molecules, and a 
tunnel barrier was maintained using a setpoint current of 1 nA. The 
measurements were carried out under electrochemical control using 
a four-electrode setup, which allows molecular levels to be shifted 
independently of the electrode Fermi level, gating the conductance. 
Peaks in the conductance versus overpotential (E, or gate potential) 
were observed, indicating transport through one, or a few, 
molecules. The peak maxima were ascribed to the levels of the Os 
comples, and their position (Emax) shifted depending on the tip-
sample bias voltage (Vbias). They found similar positions of Emax for 
both the Au-S and the Au-C contacted molecules at the respective 
bias voltages, suggesting that varying the anchor group had little 
influence on the electron transport. The results were also similar to a 
previously reported Os(bipy)3 complex tethered through a pyridine 

Figure 12. In situ reduction of bis-functionalized biphenyl diazonium salt. 
Reprinted with permission from ref 61. 
 

Figure 11. In situ cleavage of Me3Sn terminated alkane to form direct Au-C 
bonds in molecular junctions. The histograms are for different length linear 
alkane chains from butyl (C4) to dodecyl (C12). Reprinted with permission 
from ref 62. 
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group.102 This behaviour suggests that, at least in these systems, the 
transport is not determined by the contact to the surface. It could be 
that the tunnel barrier between the tip and the molecule, which can 
be viewed as a very weak contact in comparison with the surface 
bond, dominates the conductance. 
Another nice example is that of Hines et.al. who generated 2,2’-
dimethoxy-4,4’-bis(diazonium)biphenyl in-situ within a 
breakjunction experiment (Figure 12).61 By applying a sufficiently 
negative potential using an electrochemical gating electrode (-0.65 V 
versus Ag/AgCl), they cleaved the diazonium groups, and were able 
to form molecular junction bound by Au-C bonds on both sides of 
the biphenyl group. Comparing these junctions with a control 
species, 3,3’-dimethoxybenzidine (which binds through amine 
groups in the 4, 4’ positions), they found similar values for the most 
probable conductance for both compounds. 2.3 x 10-3 G0 was found 
for the Au-C bound compound, whilst 1.4 x 10-3 G0 was seen for the 
amine bound species. This similarity in conductance was also 
observed by Cheng et.al. when they measured a single benzene ring 
directly bound to the electrodes. In this case the directly bound 
benzene and the 1,4-diaminobenzene analogue gave conductance 
values of 3 x 10-2 G0 and 6 x 10-3 G0 repectively.62  
 
Considering the previous discussion, overall we thus find that the 
Au-C contact weakly modifies the conductance properties of single 
molecule junctions compared to thiol and amine anchors. 
Conversely, however, a recent report by Chen et.al. suggests that 
junctions of directly bound p-xylene (Au-CH2-Ph-CH2-Au) are 
significantly more conductive then the directly bound junctions of 
benzene (Au-Ph-Au).103 This behaviour was in fact found for a 
series of polyphenyls contacted through Au-CH2 bonds, where in 
fact the biphenyl derivative (CH2-(Ph)2-CH2) conducts more than the 
1,4-didehydrobenzene. To explain this result, the authors suggest 
that Au couples more effectively to the aryl pi-system through the 
methylene groups of p-xylene rather than when directly bound to the 
carbon atoms of benzene. In comparison to the directly bound p-
xylene, the conductance of 1,4-benzenedimethanthiol was measured 
by Xiao et.al. and a value of 6 x 10-4 G0 found as the most probable 
for a single molecule.74 This is over three orders of magnitude lower 
than the same molecule without the S atoms as found by Chen et.al. 
This raises the question as to why the presence of S seems to reduce 
the conductance so dramatically. It would be good if an explanation 
could be derived from basic Chemistry principles. Hopefully, further 
experiments can shed some light into this phenomenon.  
 
Another way to form Au-C bonds was demonstrated through the in-
situ cleavage of terminal trimethylsilyl (TMS) protected alkynes. 
Hong et.al. prepared a range of TMS protected OPE derivatives with 

the general structure TMS-CC-Ph-CC-TMS (where CC indicates a 
triple bond) with between one, two and three phenylene ethynylene 
units (Figure 13).64 Through the addition of two equivalents of 
tetrabutylammonium fluoride (TBAF) to the STM cell containing 
the relevant solution of TMS protected OPE, the authors found that 
the TMS was removed allowing molecular junctions to form. The 
presence of two TMS groups, one at each end of the molecule, was 
shown to be necessary as when only one alkyne group was protected 
by TMS, reaction with TBAF did not result in junctions being 
formed. To clarify the formation of the Au-C contact, Raman 
spectroscopy was carried out on gold surfaces modified with the 
OPE molecules capped with gold nanoparticles. Different signals 
were seen in the C-C triple bond region of the spectrum, and in 
particular a broad peak at 1950 cm-1, which is roughly 200 cm-1 red-
shifted compared to the free triple bond was found, in agreement 
with other reports of gold-alkynyl bonds.  
 
 
  

3.2 Bidentate anchoring groups 

There are fewer examples of single molecule studies using bidentate 
rather than monodentate anchor groups. Perhaps the most studied of 
such has been the carboxylic acid group (RCOOH). On Au(111) 
surfaces under electrochemical control, this group has been shown to 
adsorb via both oxygen atoms in an η-2 configuration, with the loss 
of the acidic proton.104 This mode of binding may be expected to 
enhance the molecular coupling to the electrodes with respect to 
groups such as thiol and amine as two atoms can bind rather than 
only one. Several studies have investigated the transport properties 
of different length alkane chains terminated in carboxylic acids. In 
the first study, carried out by Chen et.al it was found that the 
conductance is in fact lower for the carboxylic acid than the 
respective amine and thiol molecules, when comparing the same 
number of carbon chain atoms (CH2 groups).65 In a separate study, 
Martin et.al measured the conductance of only carboxylic acid 
terminated alkanes,89 which broadly agree with those of Chen, with 
some important differences. In the study of Chen, two groups of 
conductance values were found for COOH, as was the case for the 
thiol and amine compounds. In the study of Martin, only one group 
of values is mentioned for each molecule. The conductance Martin 
et.al found for hexanedioic acid (adipic acid, HOOC-(CH2)4-COOH) 
was 4x10-5 G0, which agrees with the low conductance value 

Figure 13. In situ cleavage of TMS-protected OPE molecules to form Au-C 
directly bonded molecular junctions. Reprinted with permission from ref 64.  

Figure 7. In situ reduction of bis functionalized biphenyl diazonium salt. 

Figure 14. Comparison of the conductance values of various alkanes with 
different terminations showing the conductance as a function of the number 
of carbon atoms between the terminal hetero atoms. Plotted this way, the 
conductance values practically overlap for the COOH, SMe and NH2 groups.  
A line is shown as a guide only. Thiols, however, are distinctly higher in 
conductance. 
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reported by Chen of 3x10-5 G0. For octanedioic acid and decanedioic 
acid, however, the values reported by Martin are closer to the high 
conductance values of Chen. Whilst it is reassuring that similar value 
of conductance can be found by both groups using different 
techniques (Chen et.al. used the STM-BJ approach, whilst Martin 
et.al. used the non-conatct (Is) method), this highlights a serious 
problem in how to compare results when different numbers of 
conductance groups are reported.       

Ahn et.al. have measured a series of asymmetrically terminated 
alkane molecules using the STM-BJ technique.66 They employed 
methylsulphide (R-SMe) contacts at one end, and COOH at the 
other. In control experiments, they showed that replacing the 
carboxyl group with an ester (RCOOMe) the conductance plateaus 
vanished, proving that binding occurs through deprotanation of the 
acid to form the carboxylate. They found that the asymmetrically 
terminated molecules had a lower conductance than the 
corresponding symmetric junctions containing only SMe contacts. 
They realised, however, that the COOH group adds an extra atom to 
the backbone of the molecule compared with the SMe group. When 
they compared the two sets counting the number of carbon atoms in 
the backbone, the conductance values in fact coincided. We have 
plotted the conductance values from the results of Chen, Martin and 
Ahn, along with our own data for amine and thiol terminated 
alkanes36 in the following plot in Figure 14, counting the number of 
carbons in the backbone rather than the number of CH2 groups.   

Interestingly, all the values for the COOH, SMe and NH2 contacted 
molecules fall practically on the same line (a line to guide the eye is 
shown in Figure 14). The values for the thiol terminated alkanes 
remain higher. We have, however, shown that alkanes have a 
tendency to aggregate in BJ experiments, which means that some 
degree of caution should be exercised when comparing the different 
compounds. Overall, the results point in the direction that the 
bidentate nature of the carboxyl group does not improve the 
conductance in comparison with monodentate groups. 

Finally, we have composed a table which details the bond rupture 
forces for various binding groups discussed so far. This gives a sense 
of the relative bond strength to gold. We have chosen to quote the 
force rather than bond energy as it is this which is directly measured 
by experiment. The experiments are all made with a conducting 
atomic force microscope (cAFM) in which the BJ experiment can be 
perfomed whilst simultaneously monitoring the force. The values 
quoted are the mean values attributed to the final junction 
breakdown force, and hence represent an average over all junction 
geometries. The theoretical values are calculated from the derivative 
of the total energy curve calculated at different electrode-electrode 
spacings, where the maximum in the slope gives the breakdown 
force.   

 Bond rupture force (nN) 
Anchor group Experiment Theory 

R-S-Au 1.5 (R=CH2)
a 

1.5 (R=CH2)
c 

1.2 (R=Ph)b 
2.2 (R=CH2)

d 
1.5 (R=CH2)

e 
R-SMe-Au (S coord) 0.5 (R=Ph)f 

0.7 (R=CH2)
g 

0.84 (R=CH2)
g 

R-SH-Au (S coord)  0.6 (R=CH2)
d 

R-NH2-Au 0.53 (R=Ph)h 
0.69 (R=CH2)

h 
0.6 (R=CH2)

g 

0.48 (R=Ph)b 
1.0 (R=CH2)

e 
 0.46 (R=Ph)h  
0.84 (R=CH2)

h 
R-P(Ph)2-Au 0.8 (R=CH2)

g  

R-CN-Au  0.64 (R=Ph)b 
R-NO2-Au  0.32 (R=Ph)b 

Pyridine-Au 0.8h 
0.8a 

0.55-0.63i 

1.0h 

Au-Au (chain) 1.5j 1.6j 
Table 1. R is denoted as the main group attached to the anchor, not 
including the rest of the molecule. References: a,105 b,53 c,81 d,106 e 
(authors note it is the Au-Au bond which breaks, not the Au-S),107 
f,108 g,109 h,85 i,110 j.80  

From table 1 we can see that all anchor groups, apart from the 
thiolate (RS-Au), have essentially a weaker bond to gold than an 
individual Au-Au bond within an atomic chain. Hence all groups 
would be expected to cleave at the Au-heteroatom bond, except the 
thiolate. Here the junction can be expected to break at an Au-Au 
bond, making chain formation more likely.107 One interesting 
observation from this table is that for groups which have been tested 
attached to either phenyl or methylene units (i.e. to conjugated or 
non-conjugated units) there seems a tendency for the bond rupture 
force to be less for the conjugated phenyl molecules. As we 
discussed in section 3.1.2, there seems to be a relation between bond 
strength with known pKa values for these groups. The relation holds 
for phosphine and nitro groups, however, there is an anomaly when 
it comes to cyano. Here the bond rupture force is comparable to 
amines, whereas the basicity is significantly lower. This may 
indicate extra factors are involved, such a metal back donation, due 
to the pi-character and linear bond of the cyano group. 

 

3.3 Larger multidentate anchoring groups.  

3.3.1 Buckminsterfullerene (C60):  

 

In an attempt to move away from single bond contacts, which 
strongly influence the transport properties of molecular junctions, 
several groups have started investigating the possible benefits of 
using larger contacts between the molecule and the electrode. In 
particular, C60 have taken a prominent role in these studies, thanks 
mainly to the well-known synthetic strategies to place C60 at the 
termini of molecular wires. Pristine C60 has also been well studied on 
a variety of metallic surfaces, such as Ag,111 Cu,112 Pt113 Pd114 and 
Au112 using scanning probe based techniques, providing detailed 
information about its different adsorption geometries and electronic 
structure through dI/dV spectra. The ability to study C60 in this way 
is advantageous over other atomic anchoring groups as we can use 
this information to understand the behviour of C60 as an anchor, and 
perhaps even make predictions.  

Aside from the synthetic possibilities that C60 allows, the potential 
benefit of having a larger contact area to metal surfaces is that a 
more electronically transparent contact may be formed. The result of 
this would be, effectively, to move the principle transport barrier 
deeper into the molecule. The barrier would then depend on the 
structure of the molecule alone and not on the atomic details of the 
contact. Early studies seemed to suggest this was true, the first of 
which compared transport through 1,4-benzenedithiol, 1,4-
benzenediamine and 1,4-bis(fullero[c]pyrrolidin-1-yl)benzene 
(BDC60) connected to gold using an MCBJ setup.68 In this study, 
they compared the conductance properties of each molecular 
junction using a 2D histogram analysis. The conclusion of Martin 
et.al was that junctions with the fullerene anchors exhibited a lower 
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spread of conductance values and could be stretched for longer times 
before cleavage. However, the study in fact found no well-defined 
conductance groups for either the amine or the thiol molecules. The 
region of conductance attributed to the fullerene-dumbbell junctions 
was also not as well defined as found for other compounds using the 
BJ technique.9 Other groups have reported a lack of well-defined 
conductance features for 1,4-benzenedithiol,76 but 1,4-
benzenediamine has been shown to exhibit a well-defined 
conductance group, at least using the STM-BJ method.115  

As previously discussed, rather than using the BJ technique to form 
molecular junctions, Leary et.al developed a new strategy to locate 
individual dumbbell molecules precisely on a gold surface and lift 
them with the tip of an STM.51 To do this they first had to form a 
low coverage of molecules on the surface by drop casting from a 
very dilute solution of molecules. Individual molecules were imaged 
after leaving the sample a suitable length of time for the remaining 
solvent to dry. The method for wiring the molecules begins by 
placing the tip accurately above a molecule whilst maintaining a 
tunnelling current (Figure 15a). It is important to note that for this 
procedure to be successful, low drift is needed to keep the tip in the 
same position above the molecule for a long enough period. Here 
this is demonstrated by the before and after images in 15a and 15c 
showing about 1 nm drift per minute. The feedback loop of the 
microscope is temporarily disabled, and during this time jumps in 
current are recorded which correspond to attachment and detachment 
of the molecule with the tip, as seen in Figure 15d. Placing the tip to 
the side of the molecule resulted in no bridge formation. For the 
particular example shown, 60 seconds of data was recorded and 
compiled into a conductance histogram, shown in Figure 15e. The 
main result was that three peak could be seen, as labelled in 15e, 
spread over roughly an order of magnitude. This demonstrated that 
the molecule binds in several distinct ways inside the junction. As 
can be seen in the inset to 15e, where the data has been divided into 
three segments of 20 seconds, the ratio of the heights of the peaks 
changes during different periods of the measurement, indicating that 
the preferred binding fluctuates with time. The origin of this 
behaviour remains unknown, however, it was shown that 
deliberately varying the height of the tip above the molecule 
favoured different peaks (see Figure SI3 in ref51), which is a 
plausible explanation as tip height is difficult to control without the 
feedback loop engaged. 

Leary et.al. also performed junction stretching experiments with a 
molecule wired to the tip. They found that the junctions could be 
stretched several Angstroms whilst maintaining a relatively constant 
conductance before breakdown. This showed that the molecule was 
well anchored to the electrodes, although the precise mode of 

binding at each end of the molecule is difficult to ascertain, and 
clearly varies during the measurement causing multiple conductance 
values.         

Markussen et.al. carried out DFT calculations on the same molecule 
measured by Martin et.al and studied the effect of differing the 
surface coordination.116 They compared the adsorption of a hexagon 
ring and a 5:6 bond (the bond between a hexagon and pentagon). 
They found that on Au(111), the conductance for both modes of 
adsorption was quite insensitive to translations of the molecule 
between different sites. However, a much larger difference was 
calculated between the hexagon and 5:6 binding modes. On the other 
hand, Bilan et.al. who have also studied the same molecule, 
calculated a large difference in transmission for different binding 
sites.117 Rather than using flat electrodes, in their calculations 
pyramidal shaped clusters were used, terminating in either a single 
gold atom (top), or, by removing this atom, a triangle of three atoms 
(hollow). For comparison with the calculations of Markussen et.al. 
three Au atoms are bound to four C atoms in the hollow position, 
while in the top position, the apex gold atom is bound to two C 
atoms of a 6:6 bond. Bilan et.al. found that, despite the HOMO 
being pinned very close to the Fermi energy in both cases, the 
calculated conductance was 9.0 × 10−3 G0 for the hollow position, 
whilst it was 2.5 × 10−6 G0 for the top geometry.  For pristine C60 
junctions, a much lower variation in conductance was calculated 
using the same electrode shapes. For the top geometry, 0.55 G0 was 
calculated, compared to 1.85 G0 for the hollow. They attributed the 
sensitivity in the conductance of the dumbbell with electrode shape 
to the low effective phenyl-C60 coupling, which is the bottleneck in 
these junctions. This, they argued, made the transmission much more 
sensitive to energy level alignment and metal-molecule coupling. 
This is at odds with the calculations of Markussen et.al. and with the 
hypothesis we mentioned earlier. Bilan et.al. argued that the reason 
for this is that they have considered binding to undercoordinated 
gold atoms, and not to an extended surface as Markussen did. Thus, 
it appears that unless C60 can be reliably bound to a large number of 
atoms, a large conductance variation is theoretically expected.  

Bilan et.al, also found a strong variation in the conductance of the 
dumbbell depending on the substitution of the central phenyl ring 
(Figure 16). This was different to their results of the 1,4-
benzenedithiol and diamine analogues. They attributed this 
sensitivity to the narrow HOMO resonance in the dumbbell, which is 
weakly coupled to the electrodes. In the dithiol and diamine 
junctions, the HOMO (also the main conducting orbital) is much 
more strongly coupled to the electrodes, and is much broader as a 
consequence. This reduces the influence of changes in position of 
the HOMO due to substitution on the crossing of the transmission 
curve at the Fermi level. This carries an important message, that for 
successful chemical control of conductance one needs the relevant 

Figure 15. Targeted wiring approach. Reprinted with permission from ref
51. 
 

Figure 16. Theoretically calculated conductance values for various
substituted benzenes with thiol, amine and C60 anchor groups. Reprinted 
with permission from ref 117. 
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molecular levels to be decoupled from the electrodes for a significant 
effect to be seen.   

Gillemot et.al. showed that an individual dumbbell molecule could 
be successfully picked up using an STM tip and kept at the apex for 
a period of more than one hour.118 This room temperature 
functionalization of an STM tip is interesting as it shows that 
junctions exposed to the ambient environment have the potential to 
be stable for far more than just a few seconds, which is the typical 
duration of a breakjunction experiment. In the experiment, the 
junction was not maintained for this period, the tip was moved up 
and down with respect to the surface, forming and breaking the 
molecular junction over the typical period of a second in order to 
understand its formation. During the experiment, however, the 
molecule moved very little on the tip, and as a result nearly the same 
junction was formed in each cycle. Thus it can be inferred that if the 
separation between the electrodes could have been kept fixed for the 
same period, the junction would have remained intact. Several other 
important aspects were highlighted by this experiment. The first 
being that to form the contact with surface, the layer of ambient 
adsorbates naturally present must be penetrated by the molecule, 
identified by an extra plateau in conductance as the molecule is 
approached. This highlights the non-trivial process of displacing 
other surface bound molecules using C60 anchor groups. The second 
point to be noted was that the conductance pathway through the 
molecule most likely bypassed one of the C60 groups, as suggested 
based on DTF calculations. It was predicted that the conductance 
across the two C60 should have been several orders of magnitude 
lower than experimentally observed. It is usually the case that 
calculated conductance values are higher than observed in 
experiments due to the well-known HOMO-LUMO gap 
underestimation of DTF and it was suggested, therefore, that the 
molecule was anchored to the tip in such a way that charge was 
being injected directly into the backbone. This phenomenon has been 
reported for other conjugated molecules, in particular oligoenes 
using methylsulfide anchor groups.119  

Using C60 anchor groups, La Rosa et.al. showed that, aside from the 
electronic coupling between C60 and gold, it is possible to tune, 
albeit to a small degree, the coupling between the C60s and the 
conjugated group between. This was achieved by studying 
spectroscopically the effect of changing the connecting group from a 
saturated pyrrolidine to a quasi-sp2 hybridised cyclopropane.120 
Doing so resulted in a modest shift of the first two electrochemical 
reduction potentials by 20 mV to less negative potentials, and a 
slightly smaller π-π* gap indicating slightly better overall 
conjugation. In the same study, it was predicted that these effects 
should have a small, but noticeable, effect on the conductance, with 
the cyclopropane connection improving this by about a factor of 
three. As we have seen already, though, this effect is markedly 
smaller than the effect induced by changes in the C60-electrode 
contact. This is further demonstrated in the following, final, section 
in which we focus on experiments carried out on pristine C60.    

 

3.3.2 Conductance properties of pristine C60  

To gain further insight into the nature of the Au-C60 interaction we 
shall now take a look at some of the experimental and theoretical 
results on pristine C60 adsorbed to various noble metal surfaces. 
There are several distinct ways in which C60 can bind to a metal 
surface which depend on its orientation. They are: i) through a single 
carbon atom, η1, ii) to the centre of a hexagonal ring, η6, iii) to the 
centre of pentagonal ring, η5, iv) between a pentagon and a hexagon, 

η
2 v) between two hexagons, η

2. Carrying out tunnelling 
spectroscopy over the various faces of C60 it is possible to detect 
small changes in the energetic position of the LUMO relative to the 
gold Fermi level.112 This level is closer to the Fermi level than the 
HOMO and is, therefore, the main transport level. As can be seen in 
Figure 17, the LUMO is located slightly below 1 V in the dI/dV 
spectrum on gold, indicating only a small amount of charge transfer 
takes place between the gold and the C60. This level has been 
observed to shift depending on the surroundings of the molecule. 
Torrente et.al. found that within islands, the LUMO was located at 
0.7 eV above the Fermi level, whilst this shifted upwards to 1.1 eV 
when the molecule is isolated.121 It was argued that the more 
polarisable environment of the six neighbouring molecules in an 
island decreases the charging energy of the molecule relative to the 
isolated molecules.  

Controlled contact to individual C60s adsorbed on a copper surface 
was demonstrated by Neel et.al. using a low temperature STM.122 As 
the tip was lowered towards individual molecules within a 
monolayer, an abrupt change from the slope due to vacuum 
tunnelling was found at around 0.25 G0, which indicates the 
conductance at first contact to the molecule (Figure 18). By pressing 
the tip further, by several Angstroms, the authors found that the 
conductance increased to beyond 1G0, and distinct jumps in the 
conductance were seen. This provided evidence that the size of the 
contact to C60 influences the conductance. This was further 
elaborated in experiments carried out by Schull et.al. who generated 
differently sized clusters of Cu atoms on a Cu(111) surface to act as 
points of contact to a C60 which had been picked up by the tip. The 

Figure 17. dI/dV curves taken above C60 molecules on Au(111) with 
different orientations. Reprinted with permission from ref 112.   

 

Figure 18. Conductance measurements of a single C60 molecule in contact 
with different size clusters of atoms on a copper surface. Reprinted with 
permission from ref 150. 
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size of these clusters ranged between one and five atoms, and the 
conductance on top of the bare surface was also compared. As can 
be seen in Figure 18, a positive correlation was found between the 
number of atoms in the surface contact and the conductance, which 
varied from 0.13 G0 for the smallest contact to 1.15 for the largest. 
The conductance on the Cu (111) surface was even higher at 1.55 
G0. This work demonstrates very nicely that there is no unique 
molecular conductance value. Instead, the conductance is a delicate 
balance of the different possible bindings to the surface. The fact that 
changing the contact only on one side results in a one order of 
magnitude difference in conductance means that for a wire with two 
C60 groups, even more variability would be expected.   

An important result with regards to using C60 and an anchoring 
group came from work carried out by Schull et.al. in which the 
conductance was measured two touching C60s sandwiched between 
copper electrodes. By functionalising the STM tip with a single C60, 
the molecule in fact becomes the tip, and it is then possible to re-
image the surface and locate other C60 molecules. By placing the 
functionalised tip above a second molecule and approaching, the two 
molecules come into contact. This conductance at contact was found 
to be close to 10-2 G0. This direct measurement of two C60s 
highlights that the contacts in single dumbbell junctions will not be 
perfectly transmissive. This is already clear for gold by looking at 
the dI/dV spectra of C60 on Au(111) in Figure 17, and the results 
from Schull confirm the resistance of the C60 contact at least for Cu 
electrodes.  

A further example of the sensitivity of C60 junctions to the contact 
came again from Schull et.al. by studying the conductance variation 
relative to the point of charge injection.123 Contact conductance 
maps of C60 molecules and a Cu tip were compiled which allowed 
determination of the geometry of a single molecule junction at 
contact. They found that the conductance is determined by the 
hybridization of the pz orbitals of the contacted C atoms with the 
orbitals of the tip apex atom. Thus C-C double (6:6) bonds were 
found to conduct better than single (5:6) bonds due to better orbital 
overlap.  

The thermopower of molecular junctions consisting of one or two 
stacked molecules of C60 was measured by Evangelli et.al.124 
Thermopower is a result of a voltage difference between two 
electrodes due to heating of one of the electrodes. In a molecular 
junction, the sign and magnitude of the Seebeck coefficient (S) is 
controlled by the transmission profile at the Fermi level. The 
measurements showed that changes in conductance associated with 
changes in the contact between the C60 and the gold, resulted in 
changes in the thermopower. S was, however, always negative, 
meaning transport takes place through the LUMO. Interestingly, 
when two C60s were stacked inside a junction, which was achieved 
by attaching one to the STM tip and lowering it onto another 
molecule, the thermopower increased approximately 100 % over the 
mono-C60 junctions. This shows the potential for manipulating 
thermopower perhaps through the use of multilayers. The 
conductance of these junctions was slightly lower than Schull et.al. 
measured using Cu electrodes, falling in the range of 10-3 G0 for the 
gold electrodes, which agrees with the fact that the LUMO lies 
closer to the Fermi level on Cu than on Au.112 

 

4. Electrode Material 

          
Systematic studies of anchor group/electrode material combinations 
are important for testing our understanding of the roles played by 
Fermi level alignment, densities of states and charge transfer in 

single molecule junctions. In comparison to the number of studies, 
however, where the backbone of the molecule is the main focus, 
relatively few studies have looked at the effect of the electrode 
material. One such study by Ko et al. tested thiol and isothiocyanate 
anchored alkanes with Au, Pd and Pt via the breakjunction 
technique.57 They concluded that the Pd-S junctions displayed the 
highest conductance followed by the Au-S junctions. The M-SCN 
junctions were all lower in conductance than the thiols in the order 
Pt-SCN>Pd-SCN>Au-SCN. They showed that the conductance 
followed the same trend as the bond order as calculated by a Mayer 
bond order analysis. 

Kim et al. investigated a series of amine terminated oligophenyls 
with Au and Ag electrodes also using the MCBJ technique.2 
Compared to gold, silver electrodes were found to lower the 
molecular conductance due to the Fermi level lying further from the 
closest molecular levels. The beta value for the series was, however, 
found to be the same for both materials (both around 1.7 per 
phenylene unit). This behaviour was also noted by Ko et al. in the 
previous study using alkanes. From their theoretical analysis on the 
1,4-benzenediamine molecule, both systems conduct via the 
molecular HOMO level, which is closer in the case of the Au-NH2 
system by roughly 0.3 eV. Interestingly, the Ag-NH2 junctions have 
a higher apparent stretching distance than the Au-NH2 junctions, 
which the authors attribute to a smaller initial gap formed by the Ag 
electrodes as the metallic junction breaks. This could possibly be 
rationalised by the fact that oxygen is seen to bond in the Ag 
junctions forming an intermediate Ag-O-Ag junction. This junction 
could reduce the snap-back of the electrodes. Silver is well known to 
tarnish under atmospheric conditions,125 and although there is no 
direct evidence, a passivating oxide layer could interfere with the 
results by, for example, changing the density of states of the metal at 
the surface. In terms of conductance spread, the silver junctions gave 
a larger spread compared to the gold equivalents. This was traced to 
a greater sensitivity of the electronic coupling to the Ag-N-C bond 
angle. 

If we return to the original hypothesis of using large groups as 
anchors to remove the unwanted contact-induced fluctuations, we 
can see that C60 on gold or copper is not going to work in this 
context. The experiments discussed in section 3.3.2 show that 
conductance is still sensitive to the precise atomic configuration of 
the contact, and as it is unlikely this can ever be controlled apart 
from at very low temperatures. Reducing conductance fluctuations 
by changing the metal is unlikely to work as all metals have a 
variable 3D structure in breakjunctions, although little work has been 
carried out with different metals to verify this. Other means to 
reduce the contact fluctuations must be sought. At present, however, 
there is no obvious solution.  

The idea of using molecules as active elements in electrical devices 
implies that the dimensions of the electrodes must be small, in the 1-
10 nm range, which clearly limits the size of the molecular contact. 
One potential way forward is perhaps through the use of planar 
contact arrangements which can be achieved by combining extended 
pi-systems with graphene electrodes.4 Graphene is a 2D material 
which potentially offers benefits over 3D metal substrates in terms of 
the number of different contact geometries available to physisorbed 
species. Prins et al. used electroburing techniques to create graphene 
nanogaps onto which they adsorbed molecules with anthracene 
terminal groups designed to pi-stack to the graphene.4 Molecules 
have been lifted with a gold tip from a graphene substrate.126 
Graphene can also be chemically modified through covalent 
anchoring of molecular wires, as has been shown by Guo et al.127 
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Garcia-Suarez et.al. have calculated that the position of the 
transmission resonances in planar junctions of pthalocyanine 
molecules adsorbed to graphene electrodes shift very little with 
respect to displacement of the electrodes.128 Despite the profile at the 
Fermi level strongly depending on the adsorption site of the 
molecule, they argue that using a gate voltage to shift the transport 
resonances to the Fermi level would dramatically reduce the contact-
induced fluctuations. This idea may work well for junctions is which 
the molecule acts purely as a wire, but at present it remains unclear 
how the conductance could be reliably gated. These ideas also pose 
considerable challenges from the experimental point of view, such as 
in the creation of well-defined graphene nano-electrodes and the 
subsequent challenge of placing only one molecule across the gap.  

 

5. Theory of Single Molecule Junctions 

 
We now turn to look at some advances in the theoretical 
understanding of single metal|molecule|metal junctions in order to 
gain some insight into the elements at play controlling single 
molecule transport. Current interest in transport at the nanoscale is 
not only due to the recently introduced experimental techniques 
discussed in section 2 of this review. Thanks to the availability of 
first-principles methods, normally based on density functional theory 
DFT in combination with nonequilibrium Green’s function 
techniques, the electrical properties of single molecule junctions can 
now be modelled to a sophisticated degree.129 130 131 132 133 134  

Firstly, it is well established that a combination of effects control the 
properties of single molecule junctions. These can be approximately 
divided into three groups: the intrinsic properties of the metal (the 
position of the Fermi Level, EF and the density of states at EF); the 
intrinsic properties of the molecule (the HOMO-LUMO gap, the 
molecular conformation and the bond characteristics, conjugated or 
saturated bonding); the properties of the interface (the metal-
molecule bond angle, coordination site, bond dipole and interface 
states). Each of these properties can be seen to influence, to a certain 
extent, the alignment of the molecular levels with the metal states, 
which is, perhaps, the key concept to understand in single molecule 
transport. Herein lies one of the principle problems associated with 
metal-organic molecule interfaces. Indeed, it is the transport barrier, 
the energetic difference between the Fermi level of the electrodes 
and the molecular-based levels, which is relevant when discussing 
single molecule junctions. Using standard density functional theory 
(DFT), however, it is difficult to calculate level alignment accurately 
due to the well-known HOMO-LUMO gap underestimation, 
although recently various types of corrections have been suggested 
to overcome this problem.135 136 Significantly, calculations on single 
molecule junctions also often assume particular binding geometries 
and symmetric, well defined, electrodes. This is no doubt an 
oversimplified picture of the real molecule/electrode geometry, as 
the experiment will effectively sample a wide range of geometries. 
Nevertheless, theoretical studies performed so far have clearly 
helped in understanding experimental results by providing 
information concerning the nature of the relevant orbitals, possible 
binding geometries and possible interference effects.  

We have already discussed several nice pieces of theoretical work 
previously in this review and is often the cases that theory and 
experiment are intertwined and hence difficult to separate. We would 
like, however, to highlight some further relevant studies which 
provide additional insight into the role of the anchoring groups in 
single molecule junctions. This is by no means exhaustive, but our 

aim is simply to provide a flavour of the great efforts made by the 
theoretical community.    

Seminario et.al. pointed out that the archetypal Au-S linkage may 
not be the best anchor group in terms of achieving optimal electronic 
transparency of the contact.137 This is due to the fact that other 
metals present a high density of states (DOS) of s, p and d orbitals at 
the Fermi level (EF) than gold does, and the Au-S bond also has an 
accute angle which is less favourable than linear bonding which has 
a degree of pi-character. For benzene, a large variation in 
transmission function line shape was found for different 
metal/anchor group combinations (group 10 and 11 metals were 
analysed along with thiol and cyano anchor groups). The most 
transmissive contact was found to be Pd-S thanks to the high DOS at 
EF.  

Peng et.al. have analysed several oligomeric systems, oligo(phenyl), 
oligo(thiophene) and oligo(pyrrole) with 1-6 rings, terminating in  
thiol anchor groups.138 For the hexameric oligomers, in order to 
determine the band alignment of the molecular levels, the DOS was 
projected onto each oligomer unit (i.e. first, second and third rings). 
Firstly, for all three types of oligomer, the HOMO levels were the 
closest to the gold EF, meaning transport should take place by hole-
mediated tunnelling. In all cases, the states within the HOMO-
LUMO gap are lowest on the rings farthest from the interface. These 
states can therefore be described as interface states as they are absent 
in the free molecule. By comparing the energy difference between 
the isolated molecular levels and the closest band edges for the 
molecular junction, the shift in the energy levels upon binding was 
found to be 0.6, 1.5 and 1.4 eV for the phenyl, thiophene and pyrrole 
respectively. This shift occurred towards the Fermi level, and 
suggests charge transfer from the metal electrodes to the molecule. 
This was verified by calculating the charge density difference 
between the molecule and the electrodes, which was found to be 
0.07e, 0.06e and 0.06e to the molecule for the phenyl, thiophene and 
pyrrole respectively. The charge transfer induces a local dipole at the 
interface which will in turn change the electrostatic potential (ESP) 
of a junction. For sexithiophene, the results can be seen in figure 19a 

Figure 19. Plane-averaged charge density difference (a) and electrostatic 
potential difference (b) for Au-S-hexathiophene-S-Au. About 0.06e charge 
transfers from the Au electrode to the molecule resulting in a local dipole 
moment of 1.59 D developing at the interface. Vertical dashed lines 
indicate the interface positions. (c) plane-averaged electrostatic potential 
difference for Au-NH2-hexathiophene-NH2-Au. Charge transfer 
(∼0.31e) occurs from the molecule to the Au electrode resulting in a 
local dipole moment of 3.60 D. Reprinted with permission from ref 138. 
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and 19b, where the ESP changes by +0.9 eV at the centre of the 
molecule. This nicely explains the charge transfer and energy level 
shift upon binding of the molecule. Xue and Ratner also pointed out 
this behaviour in a previous study into the effects of the anchor 
group on the charge distribution across a molecular junction.139  

To investigate how this behaviour is influenced by the nature of the 
anchoring group, Peng et.al. substituted the thiol for amine at the 
ends of the sexithiophene. Firstly, they found that instead of the 
HOMO lying closest to EF as for the thiol terminated oligomer, the 
LUMO was closest for the amine analogue. To explain this change 
in alignment, the band alignment for isolated molecule and the 
molecule bound to the Au electrodes was calculated. The result was 
a downshift in the LUMO from 1.4 eV above EF for the free 
molecule, to 0.15 eV above EF for the bound molecule. This was 
shown to be a result of 0.3 electrons transferred from the molecule to 
the electrodes (figure 19c), i.e. in the opposite direction as the thiol 
analogue. The change in the ESP at the centre of the molecule is 
reversed compared to the thiol, being as large as -1.9 eV (figure 
19d). Transfer of charge via a donor interaction for an aromatic 
amine adsorbed to gold has been verified experimentally by 
Kamenetska et al.140  

In a separate study, Stadler and Jacobsen looked at level alignment 
in junctions of 4,4’-bipyridine and 4,4’-biphenyldithiol.141 As in the 
study by Peng, they found that for the thiol, charge is transferred 
from the gold electrodes to the molecule, pushing the levels up in 
energy closer to EF. On the other hand, for bipyridine, a net transfer 
of charge from the molecule to the electrodes was found, resulting in 
a lowering of the levels, placing the LUMO closest to EF. Two 
effects were actually found to be at play in the bipyridine junctions. 
Apart from the transfer of charge to the electrodes, some charge was 
also found to move in the opposite direction to the molecular 
LUMO. This is expected if the LUMO approaches EF, which 
partially stems the lowering of the LUMO. For bipyridine, the 
former effect was shown to dominate, whilst for biphenyl the filling 
of the LUMO dominates the charge transfer process.  

It is intriguing that for the sexithiophene molecule, amine anchor 
groups are predicted to result in LUMO dominated transport. This is 
the opposite behaviour found for several aromatic amines, whose 
level alignment have been determined experimentally by 
thermopower measurements showing HOMO transport.87 The 
message we can take from this result is that whilst the anchor group 
does strongly influence level alignment, the final position will also 
depend on the backbone of the molecule.  

As we have already mentioned, the transport barrier is an important 
value to know in understanding transport characteristics. The fact 
that the molecular levels change significantly upon binding to a 
metal means the level positions derived from ex-situ spectroscopic 
methods are unreliable. This information must be obtained in-situ, 
and one method, which has been proposed to achieve this, is the so-
called single-level model, which is also referred to as the resonant 
tunnelling model. 53 142 143 144 The essence of the model is that 
information about the position of the closest molecular level and its 
coupling strength can be obtained from current-voltage (I/V) traces 
recorded on single molecule junctions. In the model certain 
assumptions are made to make it applicable to real experimental 
data: (i) that one level dominates the transport characteristics of a 
junction over the range of voltages (energies) studied; (ii) transport 
is phase coherent, that is there is no vibrational interaction between 
the electrons and the molecule. For details about the formulas used 
in this model, we refer the reader to other works where it is covered 
in full. It is sufficient to note that by fitting I/V traces with the 

model, it is possible to extract the level position (ε0) and coupling 
strength (Γ), as has been done in several experimental studies.53 92 145  

The single level model assumes that the level takes a Lorentzian line 
shape, which for most cases is a reasonable guess. However, recent 
theoretical work has shown that for particular molecules, the shape 
of the transmission curve at EF is far from Lorentzian. This has been 
shown for molecules which display a phenomenon known as 
quantum interference (QI).146 147 Interference can potentially give 
rise to sharp transmission resonances which could form the basis of 
molecular switches with extremely high On-Off ratios.148 Normally it 
is the structure of the molecule which determines if interference 
takes place, such as in cross-conjugated molecules or those with two 
weakly coupled degenerate states. What influence, therefore, do the 
anchor groups have in such molecules? Little evidence exists for a 
broad perspective on this question, however a recent study by 
Guédon et.al. has demonstrated that the choice of anchor group 
could be key in determining whether or not QI can be observed 
under experimental conditions.149 They studied two sets of 
molecules that were either linearly conjugated (an oligophenylene 
ethynylene backbone) or cross-conjugated (based on an 
anthroquinone core). For both sets they studied molecules with two 
sulfur contacts at each end and molecules with only one sulfur 
contact. They found that the linearly conjugated molecules showed 
no QI, as did the cross-conjugated molecule with two sulfur contacts. 
Only the mono-sulfur contacted cross-conjugated molecule 
displayed evidence of QI. Theoretically, this was rationalised by 
arguing that the doubly-contacted molecule will have a different 
degree of charge transfer, and hence interfacial dipoles, compared to 
the mono-contacted molecule. As discussed before, this will result in 
a different level alignment in both cases, meaning only the mono-
contacted molecule has the favourable level alignment within the 
experimental window for observation of QI. The important point 
here is that, as we have seen, the anchor groups control the level 
alignment within the junction, which means that they should be 
integral for the observation of QI effects.     

 

6. Conclusions 
 
Single molecule electronics has progressed greatly over the past 
decade. There are now many sophisticated experimental and 
theoretical tools at our disposal to probe molecular junctions as 
never before. One of the overriding conclusions from the past 
decade’s work has been that anchor groups, and the way in 
which they interacts with the electrodes, dominate transport 
processes across the junction. We have witnessed a progression 
in the nature of the chemical groups used, starting from thiols, 
through various dative coordination groups such as amine, 
pyridine and methyl sulphide, to more recent attempts to 
improve the molecule-electrode coupling via Au-C bonds by 
metathesis or diazonium chemistry. One of the recurring 
problems, however, is that no matter which binding group we 
use, all the results tend to show fairly broad conductance 
distributions, at least an order of magnitude. This not only 
hinders the comparison between compounds, but also the 
likelihood of eventually building working devices operating via 
individual molecules. Attempts to reduce the variability are 
being made, but so far progress in this area is still lacking. 
Molecules with larger anchor groups like C60 when coupled to 
gold have also been found to give broad distributions, and this 
indicates that perhaps a complete rethinking of the interface is 
required for progress in the long term. We may turn to the use 
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of different electrode materials, in particular graphene, for 
which we have seen the first studies very recently.   
In summary, the aforementioned results reveal that, despite the 
relatively wide number of chemically different anchor groups 
tested so far, more studies and new chemical species are needed 
to reach a better understanding of the critical role played by the 
chemical connectivity between the anchor groups and the 
metallic electrodes in single molecule conductance 
measurements. In this regard, only a systematic study at the 
nanometer scale together with the imagination of scientists 
should pave the way for the development of a rational and 
efficient molecular electronic devices. 
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