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ABSTRACT: We study the stability of molecular junctions
based on an oligo(phenylenethynylene) (OPE) diamine using a
scanning tunneling microscope at room temperature. In our
analysis, we were able to differentiate between junctions most
probably formed by either one or several molecules. Varying the
stretching rate of the junctions between 0.1 and 100 nm/s, we
observe practically no variation of the length over which both
kinds of junction can be stretched before rupture. This is in
contrast with previously reported results for similar compounds.
Our results suggest that, over the studied speed range, the
junction breakage is caused purely by the growth of the gap between the gold electrodes and the elastic limit of the amine−gold
bond. On the other hand, without stretching, junctions would survive for periods of time longer than our maximum measurement
time (at least 10 s for multiple-molecule junctions) and can be considered, hence, very stable.

■ INTRODUCTION

Over recent years, the realization of molecular junctions in
which only one or a few molecules are connected between two
metallic electrodes has opened the possibility of directly
investigating electrical transport of compounds at the ultimate
level, that of a single molecule. The use of the break-junction
technique as implemented by Tao et al1 is, to this date, the
most widely used procedure to form molecular junctions.2−7

With this technique, the number and detailed positioning of
molecules ultimately wired remains difficult to control precisely,
however it is easy to implement, and allows the creation of
hundreds and even thousands of molecular junctions readily. A
rigorous statistical analysis of this large sampling of events
provides consistent information about different properties of
the molecular junctions, such as conductance,2,8−11 thermo-
power,12,13 or switching capability,4,14 even at room temper-
ature.
In addition, we find in the literature several attempts of

exploring in more detail the processes of formation and
breakage of these molecular junctions. The measurement of the
force needed to break molecular junctions allows the
determination of the binding strength of the molecule to the
electrodes.15−17 The study of the maximum elongation that a
molecular junction stands before breaking provides information
about the interplay between the metallic electrodes and the
individual molecules which self-assemble between them.18−20

Also, by changing the speed at which a molecular junction is
stretched, the stability and breaking mechanism of molecular
junctions can be explored.21−24 In particular, published results
suggest that the junction elongation before breakage would be
drastically reduced if the junctions are stretched slowly enough,
indicating that the self-breaking regime of the junctions is
reached. This decrease of the molecular signature in the
experiments can be crucial when comparing results obtained in
different experimental implementations. This is an important
consideration for the field of molecular electronics, in which
reproducibility of results from different laboratories has not
always been obvious.25−27 In addition, to know for how long an
individual molecular junction can be held is vital for any
possible practical application of molecular junctions between
metallic surfaces.
In this paper we study the stability of molecular junctions

based on an oligo(phenylenethynylene) (OPE) diamine. Using
a scanning tunneling microscope (STM), we perform break-
junction experiments under ambient conditions, varying the
stretching rate over more than 3 orders of magnitude. In the
studied range, we observe practically no variation of the
stretching elongation before rupture for the molecular
junctions, suggesting that the junction breakage in these
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experiments is caused by the pulling, with very little effect from
thermal fluctuations. For this compound, we were able to
differentiate between junctions which are most probably
formed by one molecule from those with probably several
molecules. The elongation of single-molecule junctions agrees
well with the elastic stretching limit predicted theoretically for
amine−gold bonds,15,28,29 and it is lower than molecular length.
On the other hand, for multiple-molecule junctions the
elongation is around 5 times larger and agrees with a gap size
between the electrodes equivalent to the molecule length,
which suggests that along the stretching some individual
molecules must detach and others attach. These multiple-
molecule junctions were observed to survive up to 10 s in the
explored range of stretching speeds.

■ EXPERIMENTAL SECTION
In a break-junction experiment,30 a gold wire with a nanometric neck
is stretched until breakage. Along the process, the conductance of the
wire, G, equals essentially that of the breaking neck, which is
significantly more resistive than the rest of the wire. Its variation is
recorded during the stretching along the wire axis direction, z, to
generate G vs z traces. When the stretching experiment is done in the
presence of molecules which self-assemble on gold, after the gold-
contact breakage, a molecular junction can form if one molecule (or a
few) extends across the ends of the gold wire. The molecular junction
is then the most resistive part of the circuit.
Along a G vs z curve, the regions of approximately constant G

(plateaus) indicate that the gold contacts or molecular junctions
remain relatively unaltered during the stretching, while the regions for
which there are jumps in conductance indicate structural changes.
Figure 1 shows examples of these G vs z traces measured in the

presence of the OPE-diamine. Plateaus at G0 = 2e2/h (e being the
electron charge, and h the Planck’s constant) of a few tenths of a
nanometer form due to the one-atom contact withstanding the
stretching.30 The first 2 traces on the left correspond to clean gold
breakages, with no molecular junction formation. After the 1 G0
plateau, there is an abrupt jump in G due to the sudden opening of a
gap between the electrodes, as the elastic strain on the contact is
released in the rupture and the gold apex atoms reorganize. After that,
G decays exponentially with z, indicating that only background

tunneling current is flowing between the electrodes. The rest of traces
in Figure 1 display new conductance plateaus around 10−4G0, which
indicate the formation of molecular junctions with one or a few OPE-
diamine molecules spanning the electrodes. Similarly as in the case of
the gold contacts, these plateaus remain so long as molecular junctions
withstand the interelectrode separation without breaking.

We carried out break-junction experiments using a home-built STM
operated in ambient conditions.31 We used commercial gold substrates
on quartz (Arrandee), which were cleaned in boiling ethanol and then
flame-annealed with a butane flame. As STM tips, we used a 0.25 mm
gold wire (99.99%), heated with a butane flame and freshly cut
immediately before use. During the break-junction experiment, the tip
is moved vertically in and out of contact with the substrate to form and
break gold contacts, while the conductance G = I/V of the circuit is
measured. A bias voltage V of 180 mV was applied between the tip and
the substrate, and a linear current-to-voltage converter with two
amplification stages was used to measure the current I in the circuit.

The OPE-diamine used in this work was synthesized following a
procedure reported in the literature.10 The molecules were deposited
on the substrate by a drop casting method. Over a freshly clean gold
substrate, we deposited a few drops of 1 mM solution of the molecule
in 1,2,4-trichlorobenzene (TCB) until the entire sample was covered
with solution. We waited 30 min to ensure a high coverage and
homogeneous adsorption of the molecules on the substrate. Finally we
evaporated the solvent under a nitrogen flow. All the measurements
presented in this work were done on the as dried samples, under
ambient conditions.

We characterized the response time of our device in order to
establish the range of stretching speeds that we can reliably employ.
This is determined by the electronic response time as well as for the
response time of our STM, in particular, that of the piezo element
which controls the tip position. Plateaus indicating the formation of
OPE-diamine molecular junctions appear between 10−4 and 10−5 G0.
In this region, we studied the variation of the slope in the tunneling
regime with the speed when performing approach−retract cycles
without making contact between the substrate and the tip of the STM.
We observed that the tunneling slope stays constant up to 200 nm/s
and starts to decrease above this speed (see Figures S1 and S2), and
200 nm/s is then the maximum speed at which our measurements are
reliable. On the other hand, the lowest speed limit is given by the drift
of our STM. After the microscope has had time to stabilize (around 1
h), we determined the in-plane XY-drift to be 11 ± 8 pm/s. We have
explored in our experiments stretching speeds between 102 and 10−2

nm/s.
In our experiments, the resolution in the vertical motion was δzmin =

1 pm, and the minimum dwell time was δtmin = 26 μs. For
measurements at speeds faster than 40 nm/s, we kept the dwell time to
δtmin and used corresponding larger δz values, while for slower speeds,
we kept δz = δzmin and used corresponding longer dwell times. In all
cases, the measurement of the current was always taken only at the end
of the dwell time.

■ RESULTS AND DISCUSSION
Single and Multiple Molecular Junctions. Figure 2a

shows the 2D histogram of a set of consecutively measured G
vs z traces as those shown in Figure 1. The histogram was built
after aligning all the traces on the z-axis just after the breaking
of the gold contact (z = 0) and using bin sizes of Δlog(G/G0) =
0.03 and Δz = 0.3 nm. A clear prominence between log(G/G0)
= −5 and −4 indicates the preferred conductance and
stretching lengths of the plateaus present in individual G vs z
traces as those of Figure 1. From a visual inspection of the
traces displaying plateaus in Figure 1 (last five traces), we can
distinguish traces with two kinds of profile. The first group are
those traces with one plateau, for which the conductance
decreases in a monotonic fashion along the trace (the third and
fourth traces in Figure 1, green). We call these ‘one-plateau
traces’. The second kind are those traces for which one or

Figure 1. G vs z traces recorded during break-junction experiments in
the presence of OPE-diamine in logarithmic (a) and linear (b) scale.
The horizontal dashed lines indicate the G limits which define the
maximum stretching lengths before rupture of OPE-diamine molecular
junctions. In part (b), it is easy to see that the fluctuations of the one-
plateau traces (two green traces in the middle) are several times the
conductance at which the plateaus develop in the broken-plateau
traces (last three blue traces at the right).
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several plateaus appear abruptly after the conductance has
dropped below 10−5 G0, the lower end of the prominence of the
histogram of Figure 2a (last three traces in Figure 1, blue). As
this is the lowest conductance at which plateaus are observed,
no molecule would be spanning the electrodes during the
breakages. We, therefore, call these traces ‘broken-plateau
traces’. The abrupt beginning of the plateaus in broken-plateau
traces suggests that these can be most frequently due to just
one molecule which promptly becomes bound between the
electrodes forming a single-molecule junction. In order to
explore this possibility, we have separated our traces into
groups and analyzed their behavior separately. For each trace,
we obtained all the z values at which the conductance crosses
10−5 G0. We considered that a new plateau forms in the trace
and is not just a conductance fluctuation, if there is a Δz >
0.025 nm below 10−5 G0 , followed by a Δz > 0.1 nm above
10−5 G0. The traces verifying this condition constitute the
group of broken-plateau traces. From the remaining traces, we
separated those with one plateau from those with no plateaus,
as those for which an elongation Δz > 0.1 nm is needed to
produce a decay in conductance of Δlog(G/G0) = 0.1 at any
region below 0.5 G0.

19,31

In Figure 2b−d, we show the 2D histograms of the traces
with no, one, or broken plateaus, while the corresponding 1D
log G histograms are shown in Figure 2e. First, we see that the
initial tunneling region at the left of 0.5 nm shows a smoother
transition to the plateau prominence for one-plateau traces
(Figure 2c) than for broken-plateau ones (Figure 2d),

suggesting that the molecular junctions are formed at short
gap sizes (or even before the gold contact is broken) for the
former, while no molecular junction is yet formed in the case of
the latter. In addition, the plateau prominence or peak is
centered at lower G values for broken-plateau traces. This is
consistent with the picture that, on average, a lower number of
molecules (or even just one) take part in these junctions, when
they finally form.
One potential explanation of the one-plateau traces could be

that they correspond to single-molecule junctions with a
different more stable conformation than for the broken-plateau
cases. The length of the prominences on the 2D histograms of
one-plateau traces shows that their plateaus can last for around
1 nm without breaking. Theoretical calculations estimate the
elastic stretching of single-molecule junctions based in different
diamine compounds in values between 0.1 and 0.16 nm
(measured from the relaxed geometry until reaching the
maximum tensile force).15,18,28,29 It is then difficult to explain
how a single molecule would be able to generate plateaus 1 nm
long without breaking. Alternatively, one-plateau traces can be
due to junctions with several molecules taking part and helping
to stabilize it. Indeed, the conductance fluctuations of the one-
plateau traces shown in Figure 1b are compatible with the
attachment and detachment of individual molecules in a
junction with several of them taking part. While the electrodes
are separated, some of several molecules in the junction can
detach while new ones attach in gold sites closer to the
electrode apex, so that the plateau persist without breaking
below 10−5 G0. In the next section we will discuss in detail the
behavior under stretching of the junctions, which provides extra
information to support this idea.

Dependence of the Junction Behavior with the
Stretching Speed. We now study separately the behavior
for one- and broken-plateau traces as the stretching speed of
the break-junction cycles is varied. During our experiments, we
observed that the percentage of traces displaying no, one, or
broken plateaus remains practically constant with the speed,
with average values of 25%, 45%, and 30% respectively, with
approximately a 10% uncertainty (Figure S3).
We obtained the typical conductance for each group by

fitting a Gaussian to the overall peaks of the 1D histograms as
in Figure 2e. The conductance values are the maxima of the
corresponding log-normal distributions in the linear scale:32

Gbroken = 2.6 ± 1.6 × 10−5 G0 and Gone = 3.6 ± 1.6 × 10−5 G0
(Figures S4 and S5). The conductance values of both sets of
traces are similar because one-plateau traces frequently stabilize
at a conductance value close to that of broken-plateau traces,
specially at the end of the trace. This is reflected in a high
probability of this value in the linear histogram. This is easy to
understand in the picture of these traces being due to junctions
with several molecules, as it seems reasonable that they tend to
terminate ultimately with just a single molecule in the junction
before they finally break. We observe that for both one- and
broken-plateau traces, the conductance stays practically
constant with the speed. There is a slight increase in the
average junction conductance as the speed is decreased, which
is due to a higher weight of conductance values larger the
single-molecule one (Figures S4 and S5). This suggests that,
when moving the electrodes more slowly, it becomes more
probable that extra molecules join the junctions along the
stretching. We see that our criterion for separating the traces is
not pure. As mentioned, junctions with multiple molecules can
still have an important contribution of single-molecule

Figure 2. (a−d) 2D histograms of a set of 2500 traces consecutively
measured at 15 nm/s: (a) all measured traces and (b−d) the same
traces divided in traces with no, one, and broken plateaus. The values
in brackets correspond to the approximate percentage of traces in each
group. (e) 1D histograms for the same traces included in (b−d). The
histograms are normalized as previously reported.19

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja312392q | J. Am. Chem. Soc. 2013, 135, 5420−54265422

http://pubs.acs.org/action/showImage?doi=10.1021/ja312392q&iName=master.img-002.jpg&w=189&h=305


conductance values. Correspondingly, broken-plateau traces
can also contain contributions from multiple-molecule
junctions that form before the first breakage, and we will
expect too that after a single-molecule junction is formed, other
molecules can join afterward.
Regarding the molecular junction elongation, we have

analyzed one- and broken-plateau traces in different ways.
For broken-plateau traces, the abrupt beginning and end of the
plateaus indicate the intermittent formation and rupture of the
molecular junctions. We measure their individual stretching
length Ls as the z interval between two consecutive up−down
crosses of the trace at 10−5 G0, verifying the same conditions
mentioned before (a Δz > 0.025 nm below 10−5 G0, followed
by a Δz > 0.1 nm above 10−5 G0). This definition is illustrated
in Figure 1.
The probability that an individual molecular junction breaks

after a given stretching Ls is then obtained as Pbreak(Ls) =
N(Ls)/Ntot, with N(Ls) being the number of plateaus with
length Ls and Ntot being the total number of considered
plateaus. Figure 3a shows that this probability decays

exponentially with the length. The figure also shows that the
probability distribution stays rather constant when varying the
stretching speed over 3 orders of magnitude. Figure 3b shows
the values of the characteristic length Ls*, obtained by fitting the
expression Pbreak ∝ exp(−Ls/Ls*) to distributions as those of
Figure 3a obtained over four different experimental runs. Ls*
stays practically constant at 0.18 ± 0.1 nm. This value is quite
close to that mentioned above, estimated by theoretical
calculations for the elastic stretching of a junction held by
two amine−gold bonds.15,18,28,29 In other words, these
junctions can be stretched, on average, as much as that
predicted for a single-molecule junction, supporting our
hypothesis of the previous section. As a consequence of Ls*
being constant, the characteristic time span of the junction Ls*/
v increases while v decreases, reaching around 2 s at the slowest
tested speed.
Over the studied range of stretching speeds, the rupture of

molecular junctions has been previously related to the thermal

breakdown of the chemical bond under an applied tensile
force.21,24,33 For first-order thermal desorption processes, the
rate of desorption of Na molecules adsorbed to a surface is
described by the expression34 dNa(t)/dt = −Na(t)/τ. Here, τ is
the lifetime of the adsorbed state (or residence time) and is
given by the Arrhenius equation: τ = τ0 exp(Eb/kBT), where Eb
is the binding energy, kB is the Boltzmann constant, and T is
the temperature. In our measurements, we move at a constant
speed, so that time and elongation are proportional (Ls = vΔt).
Assuming that the adsorption lifetime τ is unaffected by tensile
forces in the expression for the desorption rate, we could expect
Pbreak(Ls) ∝ exp(−Ls/vτ), if the junction breakage would be
caused by spontaneous molecule desorption. Figure 3a shows
that Pbreak does follow such an exponential decay. However, this
expression would lead to Ls* = ντ, and in contrast, our decay
length Ls* stays constant with v. Note that if τ would depend on
the applied tensile force, the predicted expression for Pbreak(Ls)
due to desorption would not be an exponential, but it would
still depend on the stretching speed.35 We conclude therefore
that the observed probability distributions of Figure 3a do not
reflect the stochastic desorption of the molecules from the
electrodes and that the absorption lifetime τ in our case must
be much larger than the characteristic time span observed at
any speed. In particular, τ must be >2 s. Using a typical value
for the vibrational lifetime τ0 = 10−13 s in the above expression
for τ,34,36 this means Eb/kBT > 30, which is compatible with
values of the binding energies Eb for diamines on gold of
around 1−0.8 eV reported in the literature for 1,4-
diaminobenzene.15 Specifically, we deduce that the absorption
lifetime is, at least, 10 times larger than that previously reported
for 1,4-diaminobenzene.24 In that work, along the same range
of stretching speeds studied here, the junction rupture is
described to change from a force-accelerated spontaneous
breaking to a self-breaking regime. In contrast, our results
indicate that the OPE-diamine junctions stay in the force-break
regime (using the authors nomenclature).23,24 The lack of
speed dependence in our measurements also suggest that there
is no significant local heating along our measurements, in
contrast with that previously proposed for alkane dithiols.22

The distributions of stretching length of Figure 3a are most
likely determined by the geometrical positioning of the
individual molecules between the electrodes. Indeed, the
amine−gold bond takes place through the sp3 hybridized
lone pair of N, which forms directional dative bonds to gold,
and, hence will be sensitive to the detailed orientation of the
anchoring group with respect to the gold atoms, which will
change when stretching the junction.
We next studied the maximum electrode displacement before

rupture for one-plateau traces. In this case, we define the total
displacement length Lt as the z interval that the conductance
takes to decay from 0.5 to 10−5 G0 (illustrated in Figure 1).
Figure 4a shows the probability distributions of the junctions to
break at a given Lt, at different speeds for one-plateau traces.
Figure 5a shows the mean value of these distributions Lt* versus
the speed, for four different experimental runs, obtained by
fitting a Gaussian to the distributions like those of Figure 4a.
The error bars in Figure 5 correspond to the standard deviation
(width) of the distributions. We observe that again Lt* stays
practically constant along the whole range of studied speeds,
indicating once more that the molecular-junction breakage is
not due to the thermal desorption of the molecules at any
explored speed. The characteristic time span Lt*/v reaches now
∼10 s at the slowest speed, which shows the high stability that

Figure 3. (a) Distributions of the length of individual plateaus Ls at
different stretching rates, obtained from broken-plateau traces. The
dashed line correspond to the fit of P ∝ exp(−L/Ls*) to our data. (b)
Values of Ls* obtained at different stretching rates for four different
experimental runs.
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can be obtained for molecular junctions with amine anchor
groups. This time interval is significantly larger than the 2 s
obtained for individual broken plateaus. This result is easy to
understand assuming that one-plateau traces are due to
junctions with several attached molecules. Along these plateaus,
some of the molecules are probably detaching, while new ones
are attaching closer to the electrode apex, so that there is always
at least one molecule holding the junction together. As
mentioned in the previous section, the conductance fluctua-
tions along the traces are compatible with this model (see
Figure 1). The elongation limit would now not be the
stretching of an individual gold−amine bond but simply
corresponds to an interelectrode distance smaller than, or equal
to, the length of the molecule. The length of the studied OPE-
diamine is 2.1 nm.37 Accounting for a typical retraction of the
electrode apexes of 0.4 nm,19 we would expect maximum Lt
values around 1.7 nm. This value agrees well with the Lt values
at the right-end of the distributions as those of Figure 4a
(shown in Figure S6), as previously reported for alkane-
diamines.19

As just described, the different behavior upon stretching of
broken- and one-plateau traces can be consistently explained by
introducing the idea that broken plateaus are most frequently
due to single-molecule junctions, while one plateaus are due to
junctions with several molecules. We cannot completely
exclude the possibility that the two kinds of plateaus are due
to two different junction configurations. However, as already
mentioned, this picture is more difficult to reconcile with our
observations. In particular, it is difficult to explain how a single
molecule would be able to generate plateaus 1 nm long. It has
been suggested that a molecule could slide along the electrode
surface until reaching the apex, jumping between neighboring
gold sites.18,38 However, considering that an amine−gold bond
is expected to stretch <0.2 nm, this will mean that the molecule
will have to slide along 5 or 6 gold sites without an abrupt
breakage. Looking at the distribution of Figure 4a for broken-
plateau traces, the probability of having plateaus with a length
close to 1 nm is extremely low. It is then difficult to explain how
a different type of single-molecule junction will be able to
generate another 45% of the traces that reach this length
without any breakage.
Finally, although for broken-plateau traces junctions form

and break before reaching Lt, we show their corresponding Lt
distributions in Figure 4b for comparison with those for one-
plateau traces. The resulting Lt* is shown in Figure 5b. We
observe that the Lt* values for broken-plateau traces are slightly
higher than for one-plateau traces. There is also an increase of
Lt* for stretching speeds over 20 nm/s, which is concurrent
with a larger dispersion value (larger error bars). The dispersion
also increases in this range for one-plateau traces (see also
Figure S7 for the variation of the Lt values at the right end of
the distributions with v) but to a lesser extent.
Different reports in the literature show a dependence of the

molecular junction length with speed for alkane dithiols21,22

and benzene dithiols/diamines,24,33 over a similar range of
stretching speeds. The observed length variations were <0.2
nm, but this constitutes an important length change for these
short molecules. In our case, we observed measurement-to-
measurement variations of Lt at a fixed speed which is >0.2 nm
(see Figure 5). A similar variation to that shown in Figure 5b
has also been reported for an OPE-dithiol.39 However, in our
case, we only observed some variation with the stretching speed
for Lt in broken-plateau traces, for which we have strong
evidence that Lt is not the stretching before rupture of a single
molecule between the electrodes but just the maximum
electrode displacement at which we observe a junction
signature. This indicates that this variation is not due to a
change in the molecule−electrode bond breakage process but
most probably to variations in the behavior of the gold. It is
well-known that after a gold contact is broken, the electrodes
suffer a fast retraction due to atomic relaxation at their apexes.
When moving slowly enough, this retraction can completely
take place between two consecutive measured points,
producing a sharp jump in conductance just below 1 G0.
However, when the pulling speed is increased, we can force the
separation of the electrodes before the atomic relaxation is
finished, so that the G vs z traces would be recorded with a
smaller electrode retraction than at slower pulling speeds, and
we thus would expect a larger apparent total stretching length,
as we observed for Lt in Figure 5b. Indeed, we have evidence
that this is the case in some experimental runs (see Figures S7
and S8). For speeds above ∼10 nm/s, we observed a decrease
in the initial gold electrode retraction which indicates that the

Figure 4. Distributions of probability that an OPE-diamine junction
breaks after a total stretching distance Lt for different stretching rates,
obtained from traces with one (a) and broken (b) plateaus.

Figure 5.Mean value of the probability distributions as those of Figure
4 as a function of the stretching rate v for traces with one (a) and
broken (b) plateaus. The different symbols correspond to data from
different experimental runs, and the error bars are given by the width
of the distributions. The dashed lines at 1 nm are guides for the eye.
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gold atoms do not have time to fully relax before we start
separating our electrodes. We observe differences in the
behavior along different experimental runs, reflecting the fact
that the relaxation process will depend on the geometric and
environmental details of each particular electrode. How far the
tip crashes into the surface will also influence the gold electrode
retraction. However we have observed that this influence is no
larger than the uncontrollable electrode details: We observe a
clear correlation between the crashing depth and the
subsequent electrode retraction in some experiments, while
there is no observable correlation in others.
The different behavior between the Lt* for one- and broken-

plateau traces is also consistent with our previous hypothesis
about the origin of both kinds of trace. If one-plateau traces are
due to molecular junctions that form before (or at an early
stage after) the gold breakage, the binding points to the
electrodes are expected to be, on average, at a greater distance
from the electrode apex than those formed once the gap is well
opened. Accordingly, they will, on average, break at shorter gap
sizes (shorter Lt values) and will also be less sensitive to the
electrode apex relaxation. This is reflected in values of Lt* for
one-plateau traces which are lower and less stretching rate
dependent than those for broken-plateau traces.

■ CONCLUSIONS

In summary, using a scanning tunneling microscope, we have
studied the elongation of molecular junctions of OPE-diamine
as a function of the stretching rate under ambient conditions.
We found that the high directional character of the amine−gold
bond leads to ruptures along the pulling traces, which allows us
to disentangle the evolution details of the junctions and
differentiate between junctions formed most probably by one
and those probably formed by several molecules. For ∼30% of
the stretching processes, we observe the signature of junctions
most likely containing just one molecule, which have a mean
conductance of 2.6 ± 1.6 × 10−5 G0. In these cases, more than
one molecular junction can fully break and reform along an
individual pulling event. For another 45% of the experiments,
junctions seem to be formed by several molecules. These
junctions last until the interdistance between the electrode tips
becomes larger than the molecule size, with individual
participating molecules probably detaching and attaching
along the pulling trace. In both cases, the stretching length of
the OPE-diamine molecular junctions remains constant in the
studied range of stretching speeds (0.1−100 nm/s). We hence
observe no indication of thermally induced desorption in our
measurements. The adsorption lifetime of the amine−gold
bond should therefore be much larger than 2 s, and the junction
breakage should primarily be caused by the growth of the gap
between the gold electrodes and the elastic limit of amine−gold
bonds.
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