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Chapter 3

Alkanedithiols and break
junctions

In this chapter we report on conductance measurements of short n-alkanedi-
thiols (n = 4, 6 and 8) using the MCBJ technique with a liquid cell. In the
case of octanedithiol we find evidence for single molecule junction formation.
For all measurements, we observe that the peak at the quantum of conductance
is enhanced when alkanedithiols are present. We propose that alkanedithiol
molecules have already formed bridges between the gold electrodes before the
metallic bridge is broken. This leads to stabilization of the single atom con-
tact, as observed experimentally. Our data can be understood with a simple
spring model.1

3.1 Introduction: molecular bridge formation out
of solution

An important contribution to the field of molecular electronics was made by
Xu and Tao, who used a scanning tunneling microscope (STM) to contact
dithiolated molecules [26]. In these experiments, a gold STM-tip is carefully
pulled out of contact with a gold substrate in the presence of a solution. Si-
multaneously, the conductance G of the tip-substrate junction is measured.
As the tip is pulled up, the diameter of the gold neck connecting tip and
substrate becomes smaller and hence G decreases. This process is continued
down to the limit of a single gold atom contact, in which case G reaches a
value around 1 G0 = 2e2/ℎ = 77.5¹S, the quantum of conductance. Pulling
further, one observes a sudden downward jump in the conductance, indicative
of the breaking of the gold constriction. This ’jump out of contact’ (JOC)
has been thoroughly studied by several groups [36, 71]. Xu and Tao made

1Part of this chapter has been previously published as E.H. Huisman, M.L. Trouwborst,
F.L. Bakker, B. de Boer, B.J. van Wees and S.J. van der Molen Nano Lett. 8, 3381 (2008).
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the remarkable observation that a gold-molecule-gold contact may form after
JOC, provided molecules with suitable anchor groups (such as thiol groups)
are present in the solution [26]. The molecular junctions thus created have
a limited life time and a conductance that varies from experiment to exper-
iment. Therefore, it is pivotal to carefully study the statistics of many of
such ’break junction’ traces. Several groups have adopted the Tao method
since, either using scanning tunneling microscopy break junctions (STMBJ)
[32, 87, 89, 91], or mechanically controllable break junctions (MCBJ) [56].

To judge the position of Tao’s method in the field of molecular electronics,
it is useful to apply it to a common reference molecule. Alkanes turn out to
be a suitable candidate for this purpose. The conductance of monolayers of
alkanes has been studied by many different techniques. These experiments
show that the conductance through an alkane drops by roughly 0.4 decade
per carbon atom [42]. Therefore, finding the dependence of the conductance
on alkane length seems a rather trivial, but important step to bench mark a
technique to contact molecules. Several studies have focused on alkanes since
the break junction method in the liquid was introduced [32, 56, 58, 89],[87]-
[93]. Besides being a simple reference, during the course of this PhD research,
also many new exciting aspects of contacting single alkanes were discovered.
For example Li et al. showed that a single alkanedithiol molecular junction,
instead of giving one well defined single conductance value, gives several
different conductance values [32]. Calculations showed that this manyfold
can be explained by different conformations a molecular junction can posses.
For example, the anchor group can bind to one or multiple gold atoms on the
apex, thereby changing the conductance of the whole junction. Using two
anchor groups this variation occurs on both sides of the electrodes. Also, the
alkane chain itself can have twisted conformations (gauche defects). When
carefully measured using a STM, a single nonanedithiol (n = 9) molecule
shows up to ten peaks in the conductance histogram [32]. In order to detect
all of these peaks, vast amounts of traces need to be collected. Experiments
using MCBJs typically show one or a few broad features in the out-of-contact
regime using alkanedithiols [56, 58]. The origin of this difference with STM
data is not completely clear yet. In general, MCBJ experiments have typically
lower electrode speeds, a lower amount of traces and two tips instead of
one STM tip. Recently, a study of Venkataraman et al. showed that when
choosing amine (-NH2) anchor groups, the number of conductance values per
molecule can be reduced to one [94]. In this chapter we present our findings
on alkanedithiols.

3.2 Results: enhancing 1 G0

Alkanedithiol molecules were obtained from Sigma-Aldrich, i.e., 1,4-butane-
dithiol (BDT), 1,6-hexanedithiol (HDT) and 1,8-octanedithiol (ODT). For
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Figure 3.1: G(Z)-traces in 10mM BDT of sample BDT2 using the liquid
cell. Upper panel: five typical opening traces. Lower panel: five typical
closing traces. The panels on the right shows the corresponding conductance
histogram of all 50 traces. The histograms have been normalized by dividing
the total counts by the number of traces. The pushing rod speed was 15
¹m/s. Vbias=100 mV and the conductance was sampled at 1000 Hz. The
histogram has 1000 logarithmic bins between 1 ⋅ 10−5 and 3 G0. The scale
bar indicates the real displacement (here we assumed r = 5 ⋅ 10−5).
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each experiment, dithiols (as received) were weighed in a bottle under ambi-
ent conditions. Then the bottle was sealed with a septa, purged with nitrogen
and a 10 mM thiol solution in purified, oxygen-free toluene was prepared un-
der nitrogen. Solutions were applied to the setup using syringes. Syringes
were rinsed with argon and filled using septa-capped bottles under argon.
After mounting the sample and the liquid cell, we purge the cell with argon.
Then we flush 40 ml of purified toluene. Subsequently, we introduce 20 ml of
the solution of interest, which is either pure toluene or the dithiol solution.
Next, we start breaking and rejoining the gold junction by moving the push-
ing rod up and down. Traces of conductance versus pushing rod position,
G(Z)-traces, are recorded with a pushing rod speed of 15 ¹m/s, correspond-
ing to a local speed of 1.1 nm/s. After having reached the lowest measurable
current (just above 10−11A), we push another 30 ¹m in Z in order to allow
diffusion of molecules in between the electrodes. Then, the junction is closed
again to a conductance value of ∼ 10G0 in order to randomize the atoms
and molecules involved. After adding alkanethiols, a sample cannot be used
for other thiol experiments due to incomplete exchange of thiols on the gold
surface.

Figure 3.1 displays five typical G(Z)-traces on a semilog plot in 10 mM
BDT while opening (upper panel) and while closing (lower panel). On
first sight the traces look very similar to the traces in toluene, showing
plateaus/peaks at the quanta of conductance and a flat tunneling background
in the histogram (see chapter 2). However, when looking more closely one
finds that the maximum and area of the 1 G0 peak has significantly in-
creased. When closing, prominent plateaus appear above 10−3, resulting in
enhanced counts in the histogram. Most likely, these plateaus are caused by
a few molecules sandwiched between the the electrodes, thereby preventing
immediate fusing of the electrodes.

Before continuing discussing the experimental data, there is an important
remark to make on the difference between opening and closing. Although
closing traces most clearly show the presence of molecules, they are not so
suited to study single molecule bridge formation. There are two reasons
for the preference for opening. First, when closing, the shape of the elec-
trodes apex is ill defined since the electrodes relax after breaking. Therefore,
it is expected that several molecules will bridge the gap. Second, flexible
molecules, sandwiched between two electrodes can adopt several bent config-
urations. When opening, the molecule is eventually forced to adopt a well
defined fully stretched conformation. Nevertheless, although closing traces
will not be used to study the formation of single molecule bridges, they do
contain information on the experimental conditions.

Figure 3.2 compares the logarithmic conductance histograms of both
opening and closing for all experiments done with alkanedithiols. As we
will discuss in detail below, the most generic feature in our measurements is
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Figure 3.2: Logarithmic conductance histogram of both opening (black) and
closing (grey) of all dithiol measurements. (a) Histogram of 300 traces of a
sample BDT1. (b) Histogram of 50 traces of sample BDT2. (c) Histogram
of 250 traces of sample HDT1. (d) Histogram of 300 traces of a sample
ODT1. (e) Histogram of 150 opening (black) and closing (grey) traces of
a sample ODT2. (f) Histogram of 225 opening (black) and closing (grey)
traces of a sample ODT3. The histograms have been normalized by dividing
the total counts by the number of traces. Pushing rod speed = 15 ¹m/s and
V=100mV. The conductance was sampled at 1000 Hz and the conductance
range between 10−5 and 3 G0 is divided in 1000 logarithmic bins.
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an increased 1 G0 peak. In the out-of-contact regime when opening, sam-
ple BDT1 and BDT2 both look similar to toluene. For ODT measurements
additional peaks appear in the out-of-contact regime while opening. Further-
more, like BDT2, the closing traces of HDT1 and ODT3 show a decreased
slope just before contact. This indicates that molecules are obstructing the
junctions motion.

In order to see whether we have indications of single molecule bridge
formation, we plotted typical opening traces and the histogram for samples
BDT1, HDT1 and ODT3 in figure 3.3. For experiments in the presence
of ODT molecules, plateaus appear in the out-of-contact regime in about
20 % of the opening traces (see traces in the inset of Figure 3.3c). These
plateaus are usually shorter than the ones at 1 G0 and show fluctuations
in the conductance. They are interpreted as the signature of gold-molecule-
gold bridges. To obtain a statistically sound value for the conductance of an
ODT molecular bridge, we collect all traces in a logarithmic histogram. The
conductance plateaus discussed above, result in a peak aroundG = 4⋅10−5G0,
related to molecular bridge formation for sample ODT1 and ODT2. This
value is in good agreement with the work by Gonzàlez et al., which was
done under similar circumstances [56]. Furthermore, it is in correspondence
with the so-called ’low peaks’ in the work of the Tao group [89] and the
’medium peaks’ in the work of the Wandlowski group [32]. For ODT3 more
peaks appear in the histogram out-of-contact than for ODT1 and ODT2
while opening. A possible cause for these peaks is the formation of multiple
molecular bridges.

Three out of six samples in figure 3.2 (BDT2, HDT1 and ODT3) show
strong peaks in the closing histogram. Possible in about half of these experi-
ments, molecules were able to obstruct the junctions motion while closing. In
order to access the inter electrode volume after breaking, molecules have to
enter either from solution or from the surface of the wire. Therefore, enough
space needs to be available to access this region in between the electrodes.
Note that we moved the electrodes 30¹m (≈ 1.5 nm) apart after breaking.
Previous studies on the shape of the MCBJ apex show a rather rough and
blunt apex with an area of a few nm2 [77, 95]. The molecules mobility on
this surface may very well depend on the exact shape and molecule coverage
of this area. These parameters are unknown and may vary from sample to
sample.

Having discussed the out-of-contact regime, where the conductance values
of molecular bridges can be distinguished in the case of ODT, we focus on
another remarkable difference between toluene and dithiol experiments. For
this, we concentrate on the contact regime, i.e., before the atomically thin
gold neck is broken. As discussed above, the formation of single or few atomic
gold junctions during breaking gives rise to plateaus around (multiples of) G0

and peaks in the histogram. Interestingly, these peaks are significantly larger
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Figure 3.3: Five typical opening G(Z)-traces and opening histogram of (a)
300 traces of BDT1 (b) 225 traces of HDT1 and (c) 225 traces of ODT3. The
histograms have been normalized by dividing the total counts by the number
of traces. The pushing rod speed was 15 ¹m/s. Vbias=100mV and the
conductance was sampled at 1000 Hz. The histogram has 1000 logarithmic
bins between 1 10−5 and 3 G0. The scale bar indicates the real displacement
(here we assumed r =5 ⋅ 10−5).
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Figure 3.4: Three typical linear opening G(Z) traces and conductance his-
togram of (a) 250 traces in toluene of sample TOL1; (b) 300 opening traces
in 10 mM BDT of sample BDT1; (c) 225 opening traces in 10 mM HDT
of sample HDT1; (d) 300 opening traces in 10 mM ODT of sample ODT1.
The histograms have been normalized by dividing the total counts by the
number of traces. Vbias=100 mV and the conductance was sampled at 1000
Hz. The histogram has 1000 linear bins between 1 10−5 and 3 G0. The scale
bar indicates the real displacement (here we assumed r =5 ⋅ 10−5).

in the presence of dithiols than for pure toluene. To investigate the increase
of counts around 1 G0 in more detail, we constructed G(Z) opening traces
on a linear scale and the corresponding linear histograms for the contact
regime, see figure 3.4. Both the histogram for toluene, BDT, HDT and
ODT are shown. Clearly, the maximum of the 1 G0 peak increases when
adding alkanedithiol molecules to the solution. Previously, stabilization of
single atom contacts by self-assembled monolayers of alkanemonothiols was
observed by Zheng et al. [96].
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Figure 3.5: Logarithmic conductance histogram of 250 opening traces in
toluene of sample TOL1 (black), in 10 mM BDT of sample BDT1 (light
grey) and in 10 mM ODT of sample ODT1 (grey). The histogram has 1000
logarithmic bins between 1 ⋅ 10−5 and 3 G0. The inset displays the plateau
length histogram of the same samples. The bins are linear in units of Z. The
plateau length is defined as the length (in units of Z) of the plateau between
0.5 and 1.5 G0. The scale bar shows the actual electrode displacement d.

The effect of an enhanced quantized conductance peak (both in peak
height and area) is clearly observed in both linear and logarithmic histograms
when molecules are present. A first, rather trivial possibility would be that
the addition of dithiols to toluene may lead to a decrease in the attenuation
factor r. A smaller r would give rise to a lower local velocity Δd/Δt and
therefore to more points per bin. This effect should be especially clear in
the tunnel regime, which is very sensitive to variations in distance. In order
to compare the attenuation factors of different samples, we have plotted the
logarithmic representation of TOL1, BDT1 and TOL1 in the same graph in
figure 3.5. Now, a lower (higher) r should yield a higher (lower) constant
background in the out-of-contact regime [56]. However, besides the ODT
peak around 4 ⋅ 10−5 G0, no apparent increase in counts is observed in the out-
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of-contact regime for both ODT and BDT (say for 10−4G0 < G < 3⋅10−3G0).
This rules out a variation of r, indicating that the presence of dithiols truly
stabilizes atomic contacts. To substantiate this, histograms of the length of
theG0 plateaus were constructed for all experiments (figure 3.5). The plateau
length is defined as the length (in units of Z) of the plateau between 0.5 and
1.5 G0. We summarized the average plateau length of all 9 different data sets
(3 times pure toluene, 2 times BDT, HDT and 3 times ODT) in table 3.1.
Clearly, the effect reproduces using different samples and the 1 G0 plateau
length shifts towards higher values in going from toluene (average value of
0.7 ¹m) to HDT, ODT and BDT (1.2, 1.6 ¹m and 2.0 ¹m, respectively).
Note that these plateau length values correspond to a displacement close to
the diameter of a gold atom, indicating that no chains of atoms are formed
during the breaking procedure [97]. We conclude that, in the presence of
dithiols, the electrodes have to be displaced over a larger distance to break
the gold-gold junction. In other words, alkanedithiols reinforce the atomic
gold junction.

Sample Number of traces Mean plateau length (¹m)
TOL1 250 0.62
TOL2 250 0.74
TOL3 150 0.65
BDT1 300 2.02
BDT2 50 2.01
HDT1 250 1.25
ODT1 300 1.55
ODT2 150 1.58
ODT3 225 1.55

Table 3.1: Table summarizing the number of traces and the mean plateau
length of 9 different samples. The plateau length for each trace is defined as
the length (in units of Z) of the plateau between 0.5 and 1.5 G0. The mean
plateau length was determined by dividing the sum of all plateau lengths by
the number of traces.

3.3 Interpretation: molecules stabilize atomic con-
tacts

How to interpret an increased quantized conductance peak in the presence of
molecules? We focus on the moment right before JOC. At that instance, the
dithiol molecule(s) that will later form the bridge are either connected to one
(scenario I in figure 3.6) or to both electrodes (scenario II). A situation in
which no dithiol molecules are connected to the gold contacts prior to break-
ing is highly unlikely due to the strong tendency of Au-S bond formation.
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Interestingly, both scenario I and II can evolve into a metal-molecule-metal
bridge. In I, the metal-molecule-metal bridge is formed after JOC, when the
loose end of the molecule binds to the other electrode. In II, the molecule
already bridges both sides of the electrodes before JOC. The presence of such
molecular bridges would not be obvious from the conductance value itself,
due to the much higher parallel current flowing through the gold neck. How-
ever, the atomic junction would be reinforced by parallel molecular bridges,
leading to a higher mechanical stability of the gold constriction. After the
atomic junction breaks down, the conductance of a molecular bridge can fi-
nally be determined. Below, we provide evidence for scenario II, in which
molecular bridges have already formed before the gold neck breaks.

To describe how the presence of molecular bridges leads to longer G0

plateaus in G(Z)-traces, we present a tentative model, which is depicted in
figure 3.7. Here, we have translated scenario II into a simple spring model
[71, 98, 99]. The atomic contact itself will generally be a gold dimer [71, 100].
The role of the n molecular bridges is to form n parallel springs, strengthening
the junction. The attachment of the dimer to the first atomic layers of each
of the electrodes can be described by a spring k1 [71]. The elastic properties
of the remainder of the electrode (the bulk of the electrode) can also be
described by a spring k2. This description is similar to that of Torres et
al., where the contact is modeled as a series of N slices with a spring, kn
[98]. As for the molecular bridges, we assume that they are rigid, i.e. all
displacements take place in between gold atoms [101]. We note that the
Au-S bond is stronger than the Au-Au bond itself [102]. Hence, the weakest
link of the molecular bridge is formed by the very gold atom that binds to
the molecular S atom. This gold atom is itself attached to the first atomic
layers of the electrode by a spring, with spring constant k ≈ k1, which is
again attached to the remainder of the electrode. In total, we have n+1
identical springs (1 due to the dimer, n due to the dithiols), which are in
turn attached to the bulk electrode spring k2. The total spring constant
equals ktot =

a(n+1)
a(n+1)+1k2, where a = k1/k2. To break the dimer, the two gold

atoms should be pulled apart by a force F0 ≈ 1.5nN [103]. In the absence of
dithiol molecules, this happens after the pushing rod has traveled a critical
distance Z0. However, in the presence of n parallel springs, a greater total
force Fn is to be applied over the junction, i.e., Fn = F0(n + 1). This force
is also felt by springs k2, which are consequently elongated extra. Hence, the
pushing rod has to be pushed further, over a distance Zn to finally break the
dimer. Our simple model yields Zn

Z0
= a(n+1)+1

a+1 .

From the experiment (see Table 3.1), we find that the increase in plateau
length with respect to pure toluene is consistently more pronounced for dithiol
solutions with Zn

Z0
≈ 2−3. Olesen et al. have shown that when making contact

with a metal STM tip to a metal surface, approximately 1/4 of the initial
displacement takes place between the last atom of the tip and the first layer
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Figure 3.6: Two possibilities for the position of a dithiolated molecule just
before breaking of the gold wire. In I, the molecule is attached to one side of
the electrode only. In II, the molecule is attached to both electrodes.

of the surface metal atoms [99]. The other 3/4 takes place in the neighboring
metal layers. Applying these numbers, such that a ≈ 3, we get a consistent
picture in which a few (typically 1 to 3) molecules bridge the atomic junction
before it breaks (Z1

Z0
= 7/4, Z2

Z0
= 10/4 and Z3

Z0
= 13/4).

After the atomic junction breaks, the metal-molecule-metal bridges be-
come observable in the conductance, as seen for ODT. Remarkably, the sta-
bilization effect in the contact regime is also observed for BDT (figure 3.5),
while no peak in the out-of-contact regime appears (figure 3.2). This indicates
that BDT bridges break during JOC. Most likely, this is due to an ’avalanche’
effect: a sudden strain relief at JOC disrupts all junctions present. Short
molecular bridges, such as gold-BDT-gold, are likely to bridge both elec-
trodes in a stretched conformation, without so-called gauche defects. Such
a conformation is rigid and is unlikely to accommodate a sudden distance
jump of a few Å. Long molecular bridges, such as gold-ODT-gold, are less
rigid, especially when they are in a bent conformation due to gauche defects
[32, 42]. Therefore, they are less likely to be disrupted by JOC and explain
why ODT does show plateaus in the out-of-contact regime.

We are not aware of any conductance measurements at room tempera-
tures using forced gold-gold contact which show formation of metal-molecule-
metal bridges of alkanedithiols smaller than 1,6-hexanedithiol [89]. It should
be noted, that recently 1,3-propanethiol was contacted using the forced con-
tact technique at low temperatures [90]. However, a slightly alternative ap-
proach was reported by Li et al. and Haiss et al. [32, 91, 104, 105, 106].
Here, gold-gold contact was avoided and electrodes with relatively low alka-
nedithiol coverage were used. In this way, alkanedithiol junctions as small as
1,5-pentanedithiol were measured and a strong preference for single molecule
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junctions was observed. Li et al. could even distinguish different conforma-
tions and couplings of a single molecular bridge. Our simple spring model
helps to qualitatively understand the differences in data quality found in lit-
erature. In the experiments of Li et al. and Haiss et al. no gold bridge is
present. Therefore, molecular junctions are not disrupted by the strain re-
lease during JOC, such that clear signals of (short) alkanedithiol bridges are
observed. We put forward an important notion: a molecular bridge should
be able to accommodate the strain release upon JOC in order to form a sta-
ble metal-molecule-metal bridge. For alkanedithiols at room temperature we
find that the cross-over is between butanedithiol and octanedithiol.

3.4 Conclusion

In this chapter, we present results of conductance measurements on alka-
nedithiols using the MCBJ technique with a liquid cell. The experiments
show new aspects of molecular bridge formation. We find that, in order to
break a single atom contact, the electrodes have to be displaced 2-3 times
longer in the presence of alkanedithiols as compared to the displacement
when only solvent is present. This observation provides evidence for a sce-
nario in which a few molecules already span the atomically thin gold neck
before breaking, thereby reinforcing the atomic contact. Although present
before JOC, metal-molecule-metal bridges only become ’observable’ in the
conductance when the metal bridge breaks. Our data are supported by a
simple spring model.

k
1

k
1

k
1

k
1

MOLECULE

k
2k

2

Figure 3.7: A simple spring model to explain the increase in G0 plateau
length. The model incorporates alkane dithiols as parallel bridges in accor-
dance with scenario II of figure 3.6.
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