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Chapter 4

Alkanemonothiols and break
junctions

In this chapter we report on conductance measurements on short n-alkane-
monothiols (n = 4, 6 and 8) using the break junction technique with a liq-
uid cell. Although molecules with only one anchor group are an uncommon
choice, we find evidence for molecular bridge formation. We speculate that
the plateaus arise due to the interdigitation of monolayers of molecules on
both electrodes. The geometries thus formed are relatively stable. However,
the number of molecules contacted is hard to determine. This prevents us
from relating the conductance value of the plateau to the intrinsic electronic
properties of the molecule.

4.1 Introduction: uncommon, but well-known

As we have discussed in section 1.4, a single anchor group geometry results
in a metal-molecule-metal junction in which the molecule is immobilized on
one side only. Single anchor group molecules are an uncommon choice in
single molecule electronics, although a few examples are reported [107, 108].
In this chapter we explore this geometry by using alkane(mono)thiols and the
MCBJ technique with a liquid cell. alkanemonothiols have well defined self-
assembly properties. The formation of monolayers of alkanemonothiols out
of solution have been extensively studied on surfaces of coinage metals using
ellipsometry, scanning tunneling microscopy and photoemission spectroscopy
[49, 109, 110, 111]. In this chapter, we present new experimental results on
the conductance of a small ensemble of (< 102) short alkanemonothiols.
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4.2 Results: strong molecular signatures

Alkanemonothiol molecules, i.e., 1-butanethiol (BMT), 1-hexanethiol (HMT)
and 1-octanethiol (OMT), were obtained from Sigma-Aldrich. The recipe
introduced in section 3.2 was again used for recording conductance versus
pushing rod position traces (G(Z)-traces). Just after having flushed a 10
mM monothiol solution through the liquid cell, traces look similar to traces
in toluene, see figure 2.4. However, after typically 10 traces (1-2 minutes),
additional features due to the presence of molecules appear.

Figure 4.1 displays five typical G(Z)-traces on a semilog plot in 10 mM
BMT while opening (upper panel) and while closing (lower panel). Directly
after the jump out of contact, the presence of BMT gives rise to conductance
plateaus between 10−3 and 10−1G0. Using the attenuation factor deduced in
chapter 2, we find that the length of the plateau is in the order of 1-2 nm. For
comparison, the length of the BMT itself is around 0.7 nm. These plateaus
are more than 10 times longer than those observed for ODT as described in
chapter 3. Closing traces show an even longer plateau. Again, no jump to
contact is observed. Remarkably, the number of traces in these experiments
is limited. After 140 traces with a plateau, the junction had difficulty to
close and the reduced Z dependence extends over larger distances, although
it still opens at the same initial position. Then, within a few traces the
metal electrodes completely cease to fuse, see figure 4.2. For one junction we
noticed that when the motor was left at its lowest position, after some hours,
the junction regained a conductance above the quantum of conductance. This
indicates that the conformation formed is still dynamic. We emphasize that
ceasing of metallic contact formation when closing is not observed in pure
toluene or in solutions of dithiols.

Figure 4.3 compares the logarithmic conductance histograms of both
opening and closing for all samples measured using alkanemonothiols. All
samples ceased to fuse after 80-160 traces after shown plateaus. Histograms
of the traces were saved every 10 traces, meaning the junctions ceased to
fuse within 10 traces after the number of traces indicated in this chapter.
The jump to contact is again absent; there is a continuous transition up to
1 G0 when closing. Furthermore, the slope just before fusing in all alka-
nemonothiol measurements is lower than in pure toluene. In the histogram
this results in enhanced counts between 10−1 and 1 G0. In the case of BMT
measurements all three experiments show pronounced peaks with the maxi-
mum between 0.01 and 0.001 G0 both in closing and in opening. Despite the
reproducible plateau formation and ceasing of electrode fusing, the quanti-
tative agreement between the three samples is limited. Both the intensity
and the width of the peaks (length of the plateaus) show strong differences
between the samples. For example, the ratio between the maximum in the
opening and closing peak of sample BMT1 is 1/7, for BMT2 it is close to
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Figure 4.1: G(Z)-traces in 10 mM BMT of sample BMT1 using the liquid
cell. Upper panel: five typical opening traces. Lower panel: five typical
closing traces. The panels on the right show 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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Figure 4.2: Last opening trace (black) before the junction refused to make
metallic contact when closing (grey) of sample BMT1. The pushing rod is
moved with 15 ¹m/s. Vbias = 100 mV and the conductance was sampled at
1000 Hz.

1/1 and for BMT3 it is 2/1. In all three cases, the maximum of the opening
peak is located at a lower conductance with respect to the closing peak. As
we will discuss below, similar to the alkanedithiols, again we speculate that
sample to sample variations arise from differences in the exact tip shape of
the electrodes.

To investigate alkanes of different length, the experiment was also per-
formed for HMT and OMT. Figure 4.4 shows five typical opening traces and
the logarithmic opening histograms of 140 traces of sample BMT1, 90 traces
of sample HMT1 and 80 traces of sample OMT1. Figure 4.3 shows both
opening and closing histograms. Again, pronounced plateaus are observed
and the electrodes ceased to fuse shortly after 90 traces for HMT and 80
traces for OMT. Remarkably, the plateaus shift to lower conductances while
increasing the alkane length. The closing histograms in HMT and OMT also
show more counts per trace than the closing histograms in toluene. This
again indicates that molecules obstruct the MCBJs motion.

In order to further investigate the data, we defined a characteristic point
for each trace: the conductance value directly after the jump out of contact,
GJOC . GJOC is defined as the average conductance of the first 100 conduc-
tance values after a conductance below 0.1 G0 is measured the first time.
Figure 4.5 shows the evolution of GJOC as a function of trace number for
the same data sets as in figure 4.4. GJOC decreases with increasing alkane
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Figure 4.3: Logarithmic conductance histogram of both opening (black) and
closing (grey) of all 10 mM (mono)thiol solutions. (a) Histograms of 140
traces of sample BMT1. (b) Histograms of 70 traces of sample BMT2 in 10
mM BMT. (c) Histograms of 80 traces of sample BMT3 in 10 mM BMT.
(d) Histograms of 90 traces of sample HMT1. (e) Histograms of 80 traces
of sample OMT1. The histograms have been normalized by dividing the
total counts by the number of traces. Traces are recorded with 15 ¹m/s and
Vbias=100mV. The conductance was sampled at 1000 Hz. The histogram
has 1000 logarithmic bins between 1 ⋅ 10−5 and 3 G0.
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Figure 4.4: Five typical opening traces and the logarithmic conductance his-
togram of (a) 140 BMT opening traces (BMT1), (b) 80 opening HMT traces
and (c) 80 opening OMT traces. Clearly the conductance of the plateau shifts
to lower values when increasing the alkane length. The histograms have been
normalized by dividing the total counts by the number of traces. Traces are
recorded with 15 ¹m/s and Vbias = 100 mV . The conductance was sampled
at 1000 Hz and the conductance range between 10−5 and 3 G0 is divided in
1000 logarithmic bins. The scale bar indicates the real displacement (here
we assumed r = 5 ⋅ 10−5).
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length. The inset shows the average value of GJOC . The error bar shows
the full width at half maximum of the GJOC distribution. Clearly, for HMT
the experiment shows a larger variation in GJOC . Note that for OMT some
traces jumped out of contact till unmeasurable currents towards the end of
the experiment between trace 60 and 80. The average GJOC values can be
fitted with GJOC = A ⋅ exp(−¯d). Here, ¯ is the decay parameter, d is the
molecular length in Å and A is the intercept at N=0. We find, A = 0.04G0

and ¯ = 0.55 Å−1 (0.3 decades per carbon). Seeing the number of data
points as a function of length and the considerable error bars, the uniqueness
of this fit is not so convincing. The average value found for the tunneling
decay constant through alkanes in extended literature, ¯ = 0.7 Å−1 [42].

The BMT1 data set shows a gradual decrease of GJOC with trace number.
Figure 4.7 shows all traces of BMT1. In order to study the evolution in
time, we analyzed the opening data in three subsets: trace 5-50 (black),
trace 51-95 (grey), trace 96-145 (light grey). The logarithmic conductance
histogram of each subset shows that the maximum of the peak shifts to a lower
conductance with a lower intensity in time. By integrating each histogram,
we get an ’averaged’ trace for each subset (see inset figure 4.7) [112]. This
alternative representation summarizes what is seen in experiment; plateaus
become shorter and shift to lower conductance values.

For completeness, like in chapter 3, we also determined the single atom
contact plateau length between (in units of Z) 0.5 and 1.5 G0. We sum-
marized the average plateau length of all 5 different data sets in table 4.1.
The average plateau length found for BMT and HMT is about two times
the plateau length found for toluene only. However, it is still shorter com-
pared to dithiols (here the increase was up to three times the average value of
toluene). Previously, stabilization of single atom contacts by self-assembled
monolayers of alkanemonothiols was observed by Zheng et al. [96].

Sample Number of traces Mean plateau length (¹m)
BMT1 140 1.67
BMT2 70 1.65
BMT3 80 0.87
HMT1 90 1.08
OMT1 80 0.59

Table 4.1: Table summarizing the number of traces and the mean 1 G0

plateau length of five 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.
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4.3 Interpretation: interdigitating tails

The data above shows two pronounced signatures of the presence of molecules
in between nanometer sized electrodes. (i) Plateaus with a length in the order
of the length of the molecule appear. (ii) The electrode cease to fuse. These
signatures are not observed in solutions with dithiols (see chapter 3). How
can we understand this difference? Below, we argue how the presence of the
second thiol group may be of importance.

A first difference between monothiols and dithiols is the orientation of
the molecule on the surface. Alkanedithiols have previously been reported
to connect with both sulfur end groups to the surface [114]-[117]. For alka-
nemonothiols, this is simply not possible. A second difference is the possibil-
ity for molecules present on the banks of opposite electrodes to interdigitate
with each other. For alkanemonothiols, it has been suggested that the hy-
drophobic tail from the a molecule in solution can interdigitate in a monolayer
of bound alkanethiolates [118, 119]. Due to the presence of the second sul-
fur, we find it unlikely that alkanedithiols will have a similar driving force to
interdigitate.

Figure 4.6a proposes a possible configuration of molecules assembled on
the junction just before breaking. In contrast to dithiols, for monothiols
at the moment the metallic contact has one or a few atoms in its smallest
cross-section, the tails of alkanes of both electrodes may already interdigitate.
Therefore, analogous to the dithiols, the overlapping tails may stabilize the
single atom contact, see table 4.1. The interaction energy due to Van der
Waals forces Evdw between dimers of butane and hexane has been calculated
to be up to 0.12 and 0.20 eV , respectively [113]. To estimate the force needed
to separate these pairs, we assume F = Evdw/L. For L is equal to the length
of the alkane, we find F = 0.032 nN and 0.043 nN for butane and hexane
respectively. To break a gold dimer, the two gold atoms should be pulled
apart by a force F0 ≈ 1.5 nN [103]. Therefore, roughly 50 pairs of overlapping
alkane tails are needed to constitute a similar force. Further interpretation
is difficult due to lack of knowledge on the exact overlap geometry of the
molecular bridge(s).

Below we discuss how the monothiol configuration of figure 4.6a may
evolve while moving the pushing rod up and down, see figure 4.6b. Starting
from figure 4.6a (1), when pulling, the metallic wire breaks and the conduc-
tance is determined by the overlap between the alkane chains on both sides
(2). Hence, both the length of the tails of the alkanes and the number of
molecules present in the small volume near the end of the tips determine
GJOC . When the electrons tunnel through the alkane tails, the conductance
is expected to drop less quickly as compared to vacuum. This explains why
a weaker Z dependence after JOC is observed. However, a typical ¯ for alka-
nes is still higher than a typical slope of the plateau observed in experiment
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[120]. Attractive Van der Waals forces between alkane tails possibly account
for this discrepancy. In that case part of the applied displacement takes place
in the metal electrodes, such that the alkanethiol diminish the actual tunnel
distance. The sliding of the tails roughly extends over a distance the length
of the molecule. Eventually, the electrodes with molecules will be separated
by a vacuum gap and ¯ = 2.4 Å−1 (1 decade per Å). At this stage probably
the gold atoms forming the atomic contact will diffuse inside the bulk elec-
trode and the thiols will cover the electrodes (3). When reversing the pushing
rods motion, we will again tunnel through vacuum until the tails overlap. By
pushing further, the alkane tails interdigitate again (4). When the SAM is
not very dense, the electrodes can be brought in close proximity again, such
that a metal bridge is formed (1). A dense SAM may prevent the electrodes
from fusing as observed in figure 4.2b.

In the remainder of this chapter, we will discuss three more issues. (i)
The variation in the histograms for the same molecule using different samples.
(ii) The observed trends of GJOC and molecular plateau length as a function
of molecule length. (iii) The time dependence of the conductance traces of
sample BMT1.
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Figure 4.5: The evolution of the conductance just after the electrodes jump
out of contact, GJOC , as a function of trace number for BMT1, HMT and
OMT. In general GJOC shifts to a lower conductance with increasing alkane
length. The inset shows the average value (points) ofGJOC and the full width
at half maximum of the all values (error bars) as a function of the number
of carbons. When fitting the average values, we find an intercept with the
y-axis at A = 0.04 G0 and an exponential decay constant ¯ = 0.55 Å−1.

Figure 4.3 shows that, although qualitatively in agreement, the quantita-
tive agreement between the three BMT measurements is low. Like in chapter
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Figure 4.6: (a) Proposed orientation of the molecules just before the junction
breaks. (b) Scenario explaining the experimental observations using monoth-
iols. (1) The tails of alkanemonothiols will already overlap and thereby bridge
both electrodes at the stage a single atom contact is formed. (2) When
pulling further the metallic wire breaks and the conductance will be deter-
mined by the tail overlap of the alkanes. (3) Eventually, vacuum tunneling
occurs when the electrodes are far apart. (4) When bringing the electrodes
together the electrodes movement is obstructed by the presence of molecules.

3, we again argue that the exact apex shape might be responsible for this
difference. Molecules with a length of several atoms attached to the end of
an electrode are capable of probing the surface of the opposite apex beyond
the last atom. It is very likely that the exact apex shape varies from sample
to sample. This directly affects the number of molecules involved. Assuming
a rather blunt electrode apex of about 20 atoms in diameter [77, 95] and a
packing density of molecules around 1 per gold atom, we estimate that the
upper limit of the number of molecules involved is in the order of 102. This
number is consistent with the estimated number of alkane tails needed to
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constitute a Van der Waals force similar to the gold dimer breaking force.
In figure 4.5 we have seen that GJOC on average decreases exponentially

with increasing molecule length. A rather trivial explanation for a decrease
in GJOC is a reduced number of molecules. A reduced number of molecules
reduces the number of conductance channels. Alternatively, the reduction in
GJOC can be explained by a longer tunneling path, since the tunneling cur-
rent is expected to be exponentially decrease with the length of the molecule.
Assuming the number of molecules involved is constant, this indeed would
scale exponentially. The observation of a decreasing plateau length with in-
creasing alkane length might indicate that for longer alkanes junctions are
formed further up the contacts, such that only a fraction of the tails overlap.

Finally, we come back to the time dependence of the conductance traces
of sample BMT1, see figure 4.7. A possible explanation for the observed
trends is an increased JOC in time. If JOC increases, the gap just after
breaking increases. Hence, GJOC will reduce and the alkane tail will overlap
for a shorter time giving a shorter plateau. In figure 4.7b we plotted the
total trace length Lt versus GJOC for each trace shown in figure 4.7a. Lt is
defined as the length (in units of Z) of the trace between 1.5G0 and 1⋅10−5G0.
Strikingly, we find that ln(GJOC) ∝ Lt. By interpolating to Lt = 0, we find
a GJOC ∼ 3 ⋅ 10−4G0. This value is similar to GJOC found in pure toluene,
see figure 2.4. A third way of visualizing a time dependence in the G(Z)-
traces of sample BMT1 is by plotting the difference in Z position of the JOC
(ZJOC) and JC (ZJC), see figure 4.7c. The increase in difference is mainly
caused due to an increase in ZJOC (see inset). Differences in opening and
closing position indicate that the shape of the contact is changing. ZJOC-
ZJC is exceptionally large for sample BMT1 (see also figure 4.1). In toluene,
ZJOC-ZJC ∼ 10¹m.

4.4 Conclusion

In summary, we observed clear signatures of the presence of molecules while
recording G(Z)-traces using the MCBJ with a liquid cell containing n-alkane
monothiol solutions with n=4, 6 and 8. We observe plateaus with a length
in the order of the length of the molecule. In all experiments, the electrodes
cease to fuse after 80-160 traces. We propose that the observed plateaus arise
from the interdigitation of alkane tails of monolayers on both electrodes. We
estimate ∼ 50 pairs of monothiols are needed to account for the experimental
observations.
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Figure 4.7: Analysis of the time dependence of conductance traces of sample
BMT1 (a) Left panel: time evolution of 145 traces in 10 mM BMT, trace
5-50 (black), trace 51-95 (grey), trace 96-140 (light grey). The inset shows
the integral of the histogram. GJOC shifts downwards and the plateaus be-
come smaller during with increasing trace number. Right panel: logarithmic
histogram of each subset. (b) Plot of GJOC versus the total plateaulength
for each trace of sample BMT1 on a semilog plot. The total plateaulength
is defined as the length of the opening trace between 1 ⋅ 10−5 and 0.5 G0

(in units of Z). (c) When plotting the difference in Z position of the JOC
(ZJOC) and JC (ZJC) as a function of trace number, also a clear time depen-
dence is seen. Nota bene: the difference is unusually large for sample BMT1,
see also figure 4.1. In toluene, ZJOC −ZJC ∼ 10¹m. Part of this difference is
due to a mechanical backlash of the pushing rod (∼ 2¹m). The inset shows
the absolute Z values for JOC and JC.
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