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ABSTRACT: Alkanes serve an important role as benchmark system in
molecular electronics. However, a large variation in the conductance
values is reported in the literature. To better understand these
fluctuations, in this study we measure large molecular data sets (up to
100 000 breaking traces) of a series of alkanes with different lengths
and anchoring groups using the mechanically controlled break junction
(MCBJ) technique. Employing an unsupervised learning algorithm, we
investigate both the time evolution and the distance dependence of the
measured traces. For all the molecules considered, we have been able
to identify the single-molecule conductance value for the fully
stretched molecular configuration. For alkanedithiols, the correspond-
ing extracted β decay constant of 1.05 ± 0.08 per CH2 group agrees
well with literature values. In the case of the stronger thiol bonding,
additional peaks in the conductance histograms are found, suggesting the formation of molecular junctions containing a single
molecule plus additional gold/molecule unit(s). The results shine light on the dispersion in reported conductance values and show
that the evolution of the molecule as a function of stretching and time contains crucial information in determining the molecular
junction configuration in MCBJs.

■ INTRODUCTION

Alkanes, simple saturated hydrocarbon chains, are one of the
most studied molecules both in self-assembled monolayers
(SAMs) and at the single-molecule scale. They serve as an
important building block in a variety of applications within
nanotechnology and chemistry. Alkanedithiols have, for
example, been utilized for the integration of reproducible
functional molecular compounds into solid-state devices,1 the
efficiency increase of (low-cost environmental-friendly) plastic
solar cells,2 and selectivity control of palladium catalysts.3

Because of their relatively easy synthesis, they are also among
the most studied molecules in the field of single-molecule
electronics, serving an important role as benchmark com-
pounds, used for the calibration of different experimental and
theoretical tools.4

Nevertheless, the electronic properties of the individual
molecules and the molecular junction formation process are
not yet well understood. For example, the single-molecule
conductance is not well-defined, and a wide range of values
have been reported by different groups for the same
measurement technique. Different explanations, both structural
and conformational, have been proposed to interpret these
variations in the data, among which are gauche conformations
in the molecular chain,5,6 different binding sites at the gold
surface,5 chaining of additional units,7,8 and electrode shape
differences.9,10 Understanding these fluctuations is crucial to
increase the reliability and reproducibility in the different

applications. However, it remains challenging to experimentally
demonstrate which of these explanations prevail.
In this study, we employ a new measurement/analysis

strategy to address these issues by applying machine learning
tools on a unique large conductance data set of a series of
alkane molecules. We have employed an automated mechan-
ically controlled break junction (MCBJ) setup and acquired
uniquely large data sets of up to 100 000 consecutive breaking
traces per sample. Traces cover a wide electrode displacement
range for a series of alkane chains with different anchoring
groups (Figure 1a). An unsupervised machine learning (ML)
algorithm has been used to identify the conductance values
belonging to the stretched single-molecule junction config-
uration.

■ EXPERIMENTAL SECTION
The device consists of a suspended gold nanowire on a flexible
phosphor bronze substrate coated with an insulating layer of
polyimide. By use of a three-point bending mechanism,
comprising two counter supports and a pushing rod, the wire
is stretched until it breaks, leaving two atomically sharp gold
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electrodes. Their separation can be modified with an accuracy
of 10 pm by using a piezoelectric element. During a single
breaking measurement, the separation is increased gradually,
while the conductance of the associated junction is measured
until it drops below the noise level, after which the wire is
merged back together. One such event yields a single breaking
trace, describing the conductance of the junction at different
electrode displacements.
In the absence of molecules, the junction conductance

decays exponentially as the gap between the electrodes
increases, typical for tunneling across a barrier of increasing
length. The molecular junction is formed when the target
molecule bridges the gold electrodes, typically identified by the
presence of a conductance plateau in the corresponding
breaking trace. As electron transport through the molecular
junction is sensitive to its geometry details, and by fluctuations
of energy level alignment and electronic coupling, the
conductance of the molecule is statistically determined by
constructing conductance histograms from many breaking
traces and fitting the prominent peak(s) with a log-normal
distribution.
All the measurements in this study were conducted at room

temperature, with a fixed applied bias voltage of 100 mV to
ensure the formation stable junctions. Prior to molecular
deposition, the bare gold sample is measured to both establish
the cleanliness of the gold electrodes and to determine the

attenuation factor, describing the ratio between the vertical
movement of the pushing rod and the horizontal displacement
of the electrodes. A droplet of the target molecule solution is
deposited only on the samples showing clean tunneling traces,
and subsequent measurements are conducted.
An unsupervised clustering algorithm is then employed to

separate the data set in classes of similar breaking traces. A
detailed description of the clustering algorithm and clustering
scheme can be found in the Supporting Information sections 1
and 2. For all plateaus appearing in the 2D histograms, the
most probable conductance value is obtained from the log-
normal fit to the corresponding peak in the 1D histograms.
Additionally, the average lengths of the plateaus are computed,
as described in the Supporting Information section 3. At room
temperature the wire dissipates energy upon breaking, resulting
in a stress-releasing snap-back of the freshly formed electrodes,
with typically few counts between G0 and 10−4G0. To account
for this snap-back effect, a length range of 0.3−0.6 nm11 is
added to the electrode displacements to estimate the junction
length.

■ RESULTS
Figure 1b shows the 2D and 1D conductance histograms
constructed from the raw data acquired for octanediamine
(left) and octanedithiol (right). The shaded areas show the
log-normal distribution fits to the prominent peaks. The raw
data indicate an influence of the anchoring groups on the
formed molecular junctions. For both molecules, a con-
ductance peak is observed at roughly 2 × 10−5G0, highlighted
by the blue shaded areas in the 1D histograms. For
octanedithiol, however, an additional peak is observed at a
lower conductance value, depicted by the additional green
shaded area. The fits of this multimodal distribution were
obtained by fitting the single peaks individually to visualize the
presence of two peaks and determine the maximum
conductance values. Typical individual traces corresponding
to these peaks are shown in Figure 1c. For octanediamine, the
traces display only plateaus at a conductance value similar to
the single prominent peak in the 1D histogram. For
octanedithiol, the blue and green traces display conductance
plateaus at two distinct values, similar to those at which the
equal-colored peaks in the corresponding 1D histogram are
centered.
Figure 2 shows the results obtained from the unsupervised

learning analysis of octanediamine. One molecular class is
observed, labeled A, with a conductance plateau at 2.2 ×
10−5G0 and an average plateau length of 0.6 nm. Accounting
for the snap-back effect, an average junction length range of
0.9−1.2 nm is found, in good agreement with the estimated
1.13 nm length of a single fully stretched octanediamine
molecule.12 For all considered molecules, the plateau length
histograms can be found in the Supporting Information section
4. Roughly 30% of the molecular traces display an initial
exponential decay in conductance, followed by a jump to a
conductance plateau. This behavior is well depicted in class A′
of Figure 2a as well as Figure 2b, showing traces without (left)
and with (right) a jump. The traces showing these jumps were
not included in molecular class A. The complete set of
octanediamine subclasses displaying such conductance jumps
are shown in Figure S6e). The jumps occur at electrode
displacements ranging from 0.3 to 0.5 nm, and the average
conductance value after the jumps was found at 1.9 × 10−5G0,
very similar to the conductance value obtained for class A. It is

Figure 1. (a) Measured molecules: alkanes of different lengths
(propane, hexane, and octane) with both thiol and amino anchoring
groups. (b) Two-dimensional conductance vs electrode distance
histogram, for octanediamine (left) and octanedithiol (right),
constructed from 20 000 and 100 000 consecutive measurements,
respectively. The shaded areas show the log-normal-distribution fits to
prominent peaks. (c) Examples of individual breaking traces, offset
horizontally, in the presence of octanediamine (left) and octanedithiol
(right).
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important to note that this extracted conductance value is that
of the peak corresponding to the plateau after the jump and
not the most probable conductance value of the configuration
during these breaking events. For hexanediamine, very similar
behavior has been found (see Supporting Information section
4.1). One molecular class (A) is observed with a plateau at 1.1
× 10−4G0 and an average junction length range of 0.7−1.0 nm,
which includes the estimated length of the fully stretched
molecule (0.88 nm12). As for octanediamine, a significant
amount of the breaking traces display an initial exponential
decaying conductance, followed by a jump to a plateau at an
average 9.8 × 10−5G0, very similar to the conductance value
obtained for class A. The hexanediamine subclasses displaying
such conductance jumps are shown in Figure S5.
For octanedithiol (a second data set comprising 100 000

traces consecutive breaking traces is presented in the
Supporting Information section 4.5), three statistically
significant classes (more than 3% of the traces) were obtained,
which are shown in Figure 3. Three additional classes (see
Supporting Information section 4.5) were observed. The
junctions corresponding to these classes, however, only start
forming after the first 20 000 measurements, with the
occurrence remaining low (below 3%) during the whole
measurement. Class A (12% of the molecular traces) shows a
plateau at 2.6 × 10−5G0, with an average plateau length of 0.4
nm. Class B (35% of the molecular traces) contains a plateau at

a similar conductance value of 2.3 × 10−5G0. This plateau is
however longer, with an average plateau length of 0.6 nm, and
also less slanted than that of class A. Finally, class C (42% of
the molecular traces) displays a double-step plateau, containing
an initial shoulder at 2.2 × 10−5G0, very similar to the
conductance of the single-step plateaus of classes A and B,
followed by a prominent plateau at 3.6 × 10−6G0. The traces of
this class exhibit on average a total length of 0.9 nm for the
prominent conductance value and 0.3 nm for the shoulder.
Both the length and conductance value of the shoulder of class
C are very similar to the ones of class A. This may be an
indication that class C initially forms a conformation similar to
class A. Taking into account the snap-back effect, the final
junction length ranges are 0.7−1.0 nm for class A, 0.9−1.2 nm
for class B, and 1.2−1.5 nm for class C are found. Only traces
from class B match the length of a fully stretched octanedithiol
molecule at 1.15 nm.13 Class A subceeds this length while class
C exceeds it. This is also depicted by the dashed purple lines in
the 2D histograms drawn at the estimated single-molecule
length.
The time evolution of the occurrence of the classes (i.e., the

probability that a trace belonging to such class is measured) is
presented in Figure S13. A strong time dependence is observed
for all the classes. Only class A is present in the first traces. A
transition occurs after around 10 000 traces, and the yield of
classes B and C increases with a very similar trend while traces

Figure 2. (a) Molecular classes observed after clustering analysis for
octanediamine. The classes are labeled with the capital letter in the
top-right corner of the two-dimensional conductance histograms.
Class B is one of the subclasses that display traces with a jump in
conductance, which were not included in class A. The corresponding
one-dimensional conductance histograms are shown at the right side
of the two-dimensional conductance histograms, with the shaded
areas showing the log-normal-distribution fits to prominent peaks. (b)
Examples of individual breaking traces for classes A (left) and A′
(right), offset horizontally. A horizontal red dashed line is drawn at
the most probable conductance value of class A.

Figure 3. Molecular classes observed after the clustering analysis for
octanedithiol. The corresponding one-dimensional conductance
histograms are shown directly below the two-dimensional con-
ductance histograms, with shaded areas showing the log-normal-
distribution fits to the most prominent peaks. Purple dashed lines are
drawn at the estimated single-molecule length (1.15 nm). The shaded
purple areas around the dashed lines display a 10% error margin on
this length.
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from class A become less probable. This trend is commonly
observed in the case of thiol-protected molecules. Class A
could correspond to a protected molecule, explaining the
slanted plateau due to a weaker anchoring to the electrodes.14

The same clustering analysis was performed for the
hexanedithiol, for which the obtained classes can be found in
the Supporting Information section 4, and propanedithiol (to
be discussed in the next paragraph; see Figure 4). For

hexanedithiol, two classes with molecular features are obtained
from the clustering analysis. Class A contains a plateau at 2.8 ×
10−4G0, for which the corresponding average junction length is
found within 0.8−1.1 nm, including the single-molecule
length13 of 0.9 nm. Class B displays a plateau at a conductance
value 10 times lower (2.8 × 10−5G0). For the associated
junctions, a length range of 1.0−1.3 nm is found, which
exceeds the length of the fully stretched molecule significantly.
For propanedithiol, five distinct molecular classes are

obtained upon clustering (see Figure 4). Classes A and E
contain a single plateau, while multiple distinct plateaus are
present for classes B (two), C (two), and D (three). The
conductance values and final junction lengths are summarized
in Table 1. All the classes display long traces except for class A,
having a length comparable to the estimated single molecule
length13 of 0.53 nm. This is further exemplified by the dashed
purple and yellow lines in the 2D histograms, drawn at the
lengths of one and two (consecutive) propanedithiol
molecules, respectively. Three of these classes (B−D) contain
distinct subsequent plateaus, which start at lengths greater than
the single-molecule one, whereas the single plateau of class E
also starts at a finite electrode displacement greater than the
single-molecule length. For the multiple-plateau classes (B−
D), we further observe a decay of the conductance as the final
junction length increases. The initial plateaus of these classes

are all centered at a conductance value that is very similar to
that of the single plateau of class A. This similarity, depicted by
the top dashed horizontal line in the 1D histogram, suggests
that configurations associated with classes B−D initially form
the same configuration as the one associated with class A.
Classes B and C show very similar features. However, the

merged class, as shown in Figure S8, displays two very subtle
distinct peaks in the 1D histogram. For this reason, we
consider them as two classes. Nevertheless, this is not changing
the conclusion of our analysis, only excluding some of the
possible conformations related to these classes proposed later
in this study.

■ DISCUSSION
Alkanediamine molecules show only one molecular class
displaying a clear single-step plateau. The average molecular
junction lengths are estimated to lie within the size of the fully
extended molecule. The conductance values of 1.1 × 10−4G0
(C6) and 2.2 × 10−5G0 (C8) correspond very well to the
values found by Park et al.15 as well as the low-conductance
values observed by Chen et al.16 The corresponding calculated
β decay constant is 0.8 per CH2 group (see Supporting
Information section 4.6), in good agreement with the values
reported in the literature: 0.8116 and 0.9317 per CH2 group.
Only in the case of alkanes with amino groups, resulting in a
weaker binding to the electrodes, a significant amount of the
molecular traces displays an initial exponentially decaying
conductance followed by a jump upward to a conductance
plateau, indicating a transition from background tunneling to
molecular junction formation. The plateaus in this class are
centered at a conductance value that is very similar to the
identified single molecule one.
A larger variety of classes has been observed in the case of

alkanedithiols. A class displaying a single-step plateau with an
estimated range of junction length equaling the length of the
corresponding fully stretched molecule has been observed for
the three molecules (class B for octanedithiol and class A for
both hexanedithiol and propanedithiol). These classes are
attributed to the single-molecule junction formation. The
plateaus for propanedithiol, octanedithiol, and hexanedithiol
are centered at respectively 4.7 × 10−3G0, 2.8 × 10−4G0, and
2.3 × 10−5G0, in good agreement with the reported low-bias
(100 mV) conductance values in the literature for propane-
dithiol,18,19 hexanedithiol,19−21 and octanedithiol.19,20,22

From the identified single-molecule junction classes, the β
decay constant is calculated to be 1.05 ± 0.08 per CH2 group
(see Supporting Information section 4.6). This value agrees
well with the theoretically predicted values of 123 and 0.924 as
well as βN = 0.9 ± 0.2, listed as the average value over many
different experiments.4

Figure 4. Molecular classes observed after the clustering analysis for
propanedithiol. The corresponding one-dimensional conductance
histograms are shown directly below the two-dimensional con-
ductance histograms, with shaded areas showing the log-normal-
distribution fits to the prominent peaks. Purple and yellow dashed
lines are drawn at the estimated lengths of respectively one (0.53 nm)
and two (1.06 nm) fully stretched propanedithiol molecules. The
shaded areas around the dashed lines display a 10% error margin on
this length. Horizontal dashed lines are drawn in the 1D conductance
histograms to display the similarity between conductance values of
peaks in different classes.

Table 1. Characteristics of the Plateaus Obtained for
Propanedithiol

characteristic class A class B class C class D class E

G top plateau 4.7 ×
10−3G0

5.7 ×
10−3G0

3.6 ×
10−3G0

4.3 ×
10−3G0

2.9 ×
10−5G0

G middle
plateau

4.3 ×
10−4G0

9 ×
10−5G0

1.1 ×
10−4G0

G bottom
plateau

6.3 ×
10−6G0

junction length
(nm)

0.6−0.9 0.8−1.1 1.0−1.3 1.4−1.7 1.0−1.3
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For all alkanedithiols, classes with junction lengths exceeding
that of a single fully stretched molecule, and additional peaks at
conductance values lower than that of the identified single-
molecule junctions, are observed. Several studies on
alkanedithiols have reported the presence of multiple peaks,
which were attributed to single-molecule junctions with
different binding sites on the gold surface (i.e., top vs hollow)5

and the presence of gauche conformers.65 These effects are,
however, unable to explain our longer configuration classes,
even when disregarding junction lengths. Different binding
arrangements predict conductance differences of at most a
factor 4,5 while we observed conductance decreases of a factor
10. Gauche defects predict conductance differences of a factor
10,5,6,10 but the conductance was found to increase during
junction elongation, as gauche defects are stretched out,6,10

whereas only decreases are observed in our case.
Except for propanedithiol class E, all of the longer-length

classes display more than one plateau including the single-
molecule one, suggesting configurations involving more than a
single molecule. Several scenarios of junction formation are
schematized in Figure 5a. Possible scenarios are visualized,

together with the single molecule junction (I). Chaining of an
additional gold−thiolate unit at one (II) or two (III)
electrode(s) has been reported,8 e.g., pentanedithiol in STM-
BJ’s, as well as the formation of gold-linked dimer and trimer
chains (V), reported for 1,4-benzenediisocyanide molecules in
the MCBJ setup.7 Finally, oligomerization could also occur via
the spontaneous formation of disulfide bonds (IV), which has
been observed for alkanedithiol molecules, organized in self-
assembled monolayers.25,26 For all the classes with a total
length larger than the one of a single molecule, agreements
with the possible scenarios have been checked based on the

correspondences with the predicted length increase and
conductance decay. This comparison serves as an initial
exploration of the possible molecular conformations, already
reported in the literature, that can explain the additional steps.
Further analysis and theoretical support will be necessary to
confirm any of the scenarios proposed. A more detailed
explanation can be found in section 5 in the Supporting
Information. The longer-configuration classes were compared
to these scenarios, and the findings are together with the
amount of steps in the conductance traces summarized in
Figure 5b. The longer-configuration classes observed for
hexanedithiol and octanedithiol are only compatible with
scenario I, whereas dimer chains of these molecules are
expected to result in conductance values below the noise level.
For propanedithiol, it is more difficult to exclude any of the
scenarios because the length increases and conductance decays
of the different scenarios are quite similar for small chain
lengths. Based on the length increase, class B is only consistent
with scenario II, while conclusive answers lack for classes C
and D. Finally, on the basis of the absence of the single-
molecule plateau, we speculate that class E corresponds to
dimerization via disulfide bonds. To further investigate the
chaining dynamics experimentally, the hexanedithiols or
octanedithiols should be measured in a setup with a lower
noise level.

■ CONCLUSION
We have used an unsupervised clustering algorithm to
investigate the junction configurations and corresponding
conductance values of alkanedithiols (3,6 and 8 CH2 groups)
and alkanediames (6 and 8 CH2 groups) from large
measurement sets, collected with an MCBJ setup. For all
molecules, we identify classes corresponding to the single-
molecule junction. From these, we extracted β decay constants
of 1.05 ± 0.08 and 0.8 per CH2 group for the alkanedithiols
and alkanediamines, respectively, corresponding well with the
literature. Differences in anchoring groups result in variations
in the junction formation process. For weaker amino
anchoring, several traces show a transition from background
tunneling to a molecular plateau. While for stronger thiol
binding, we observe additional classes containing lower
conductance plateaus, which are attributed to thiol-mediated
chaining of additional units: for octanedithiol and hexanedi-
thiol our results strongly suggest the formation of additional
gold−thiolate units at one of the electrodes. For propoanedi-
thiol, configurations containing gold-linked and disulfide-
linked dimer chains of fully stretched molecules are also
considered possible.
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