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We report on the kinetic investigation for the breakdown of single-
molecule junctions. Currents through the junctions was measured 
as a function of time to elucidate their lifetimes. The analysis of the 
lifetimes revealed that the breakdown reaction obeys first-order 
reaction kinetics, and the rate constants determined from the 
analysis was found to reflect the stability of the junctions.

Recent advances in analytical methodologies have offered a 
reliable means to directly explore a single molecule and related 
phenomena.1-6 Such studies contribute to realization of 
molecular electronics, where single molecules are utilized as 
electronic components,7-10 from an application perspective. The 
single-molecule investigation also deepens understandings so 
as to bring new insights of the mechanism into a chemical 
reaction11 from a fundamental viewpoint. A single-molecule 
junction created by bridging a single target molecule within a 
metal nanogap has been widely utilized to investigate single 
molecules.2, 12-14 Much effort has been devoted with the single-
molecule junctions to gaining the understanding of charge 
transport properties toward molecular electronics 
applications.15 Consequently, a variety of functionalities, such 
as diode16-18 and transistor effects,19, 20 was obtained with single 
molecules. Although a large body of research based on the 
single-molecule junction has been related to the single-
molecule devices, chemical transformation of the constituent 
molecule of the junction can be detected. For example, photo- 
and thermal reactions of azulene derivatives were 
investigated.21 The conductances of single-molecule junctions 
formed by the reactant and the product molecules differ from 
each other by more than an order of magnitude and thereby 
enable the discrimination of the two chemical species. The ratio 
of the formed product to the remaining reactant was 

successfully obtained based on the conductance measurements 
on the single-molecule basis during the time course of the 
reaction. It was found that the product ratio observed within 
the junction deviates from the ratio measured in a solution. This 
and other studies22 demonstrate that a single-molecule junction 
provides not only a unique way to observe a chemical reaction 
at the single-molecule level but also a novel opportunity to 
control the reaction.

Break-junction (BJ) techniques have been primarily 
employed to measure conductance of the single-molecule 
junction. Metal atomic contacts are repeatedly formed and 
broken down in the measurements, and a sample molecule 
bridges the nanogap created immediately after the breakdown 
of the metal contact. Alternatively, the single-molecule junction 
can be formed and interrogated in the time domain, i.e., via 
current–time (I–t) measurement.23, 24 In this technique, a single 
molecule on a metal surface spontaneously and reversibly 
forms the molecular junction. The measurements involve no 
mechanical movement of the electrode unlike the BJ technique, 
and consequently molecular junction undergoes chemical 
processes, including its formation and break-down, under an 
equilibrium condition. It is, therefore, expected that this 
measurement fulfils the requirements for the kinetic and 
thermodynamic analyses of a chemical reaction of a single 
molecule, which leads to the detailed understanding of the 
reaction mechanisms. To this end, in the present study we 
investigated the breakdown process of a single-molecule 
junction, which can be regarded as a unimolecular 
decomposition reaction, based on the I–t measurement using 
scanning tunneling microscope (STM) and performed the 
kinetic analysis of the resulting current traces. It was revealed 
that the breakdown process obeys first-order reaction kinetics. 
In addition, the rate constants of the process were found to 
reflect the binding energy, i.e., the stability of the molecular 
junction. These results demonstrate that the kinetic analyses 
bring detailed knowledge of a chemical reaction for a single 
molecule.
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Fig. 1 2D conductance histograms and plateau length histograms for (a, c) HDT, 
and (b, d) HDA from STM-BJ experiments. Bias voltage, 0.1 V. 1506 and 1998 traces 
were analysed to construct the histograms for HDT and HDA, respectively.

In the present study, α,ω-disubstituted alkanes were 
employed as sample to form single-molecule junctions (see ESI† 
for the experimental procedures). First, to determine the 
conductance of the single-molecule junctions, measurements 
based on the STM-BJ technique were carried out. A gold STM 
tip was repeatedly brought into and out of contact with the gold 
substrate modified with the sample molecule. The 
conductance, calculated from the tunneling current, was 
recorded as a function of the tip displacement during the 
breakdown procedure, and Fig. 1a and 1b show the resulting 
two-dimensional (2D) conductance traces for 1,6-hexanedithiol 
(HDT) and 1,6-hexanediamine (HDA), respectively. Each 
histogram exhibited a clear plateau, where the conductance 
remains constant regardless of the increased tip–substrate 
distance. The plateaus indicate the formation of the single-
molecule junction by the chemisorption of the terminal 
functional groups, i.e., -SH (HDT) or -NH2 (HDA), to the STM tip 
and substrate.12 Thus, the conductance at which the plateau 
appeared in the 2D histogram corresponds to the statistically 
most probable conductance of the single-molecule junctions. 
The conductance for the HDT and HDA junctions were 
determined to be 5.0 × 10–4 and 1.6 × 10–4 G0, respectively, both 
of which are in agreement with literature.25, 26 The rupture 
length, for which a single-molecule junction persists against the 
tip displacement, can be deduced from the conductance traces. 
Most of the HDT and HDA junctions rupture at approximately 
0.5 and 0.2 nm, respectively, as shown in Fig. 1c and 1d. The 
differences in the rupture length most probably arise from the 
different binding energies of the analyte molecule to the gold 
electrodes given the variations in the terminal functional groups 
and the common aliphatic chain of the sample molecules.27 
Extensive investigations have been conducted to clarify 

thermodynamic stability of the single-molecule junctions by the 
STM-BJ and mechanically-controlled (MC) BJ techniques.28-32 
The resulting stability reflects kinetic properties of the target 
junction under forces exerted by the mechanical displacements 
in the BJ measurements11 and has provided the basis for 
developing single-molecule electronic devices. In contrast, in 
the present study we focused on the stability of a single 
molecule without the exerted forces. Such measurements could 
reveal kinetic properties intrinsic to the target molecule bearing 
a close relationship to its chemical behavior on the surface.

Fig. 2 Typical I–t traces and 2D histograms of I–t plateaus for (a, c) HDT, and (b, 
d) HDA from I–t experiments. Bias voltage, 0.4 V. The 2D histograms in (c) and (d) 
contains 22539 and 26958 plateaus, respectively.

The formation and break-down of the single-molecule 
junctions were detected at room temperature in the time 
domain by the I–t measurements. Unlike in the STM-BJ 
measurements described above, the tunneling current was 
recorded while the tip was held stationary in the intimate 
proximity to the substrate surface with the STM feedback 
control disabled. These measurements involve no tip 
displacement and thus avoid applying the external mechanical 
force to the molecular junctions, which leads to the expectation 
that the I–t measurement facilitates the thermodynamic 
analysis of single-molecule junctions. This STM I–t 
measurement bears a resemblance to an MCBJ measurement 
with a fixed gap.28, 29, 33, 34 The former method has an advantage 
to precisely tune the gap width under the STM feedback control, 
while more stable molecular junctions can be formed in the 
latter technique. Figure 2a and 2b show the resulting current 
traces obtained at room temperature with the HDT and HDA 
samples, respectively. The steep increase in the current with 
accompanying plateaus repeatedly appeared in both cases. 
These current increases are attributed to the formation of the 
molecular junctions where the HDT or HDA molecule on the 
substrate spontaneously binds to the STM tip via its terminal 
thiolate or amine group.23, 24 Hence, the conductance of the 
molecular junctions can be calculated on the basis of the 
increase current values of the plateaus. Accurate collection of 
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large number of plateaus is necessary for kinetic investigation. 
The plateaus were then extracted from each trace based on the 
adaptive threshold analysis,35 which enables an automated 
analysis of the large datasets in an unbiased manner. The 
analysis utilizes threshold values recursively defined by the local 
averages and standard deviations of the current in the I–t traces 
(see Supporting Information for the detailed description). It was 
verified that the plateaus can be correctly detected by the ATA 
(Fig. S1 in the ESI†). 2D histograms were then constructed by 
overlaying the extracted plateaus by setting the origin of the 
time axis of the histograms to the point at which the current 
steeply increased (Fig. 2c and 2d for HDT and HDA, 
respectively). The conductance was determined to be 2.9 ×10–4 
and 1.0 × 10–4 G0 for HDT and HDA, respectively, based on these 
histograms (see also Fig. S2 in the ESI† for one-dimensional 
conductance histograms). These values reasonably agree with 
those found in the STM-BJ measurements, supporting that the 
I–t measurement detects the formation of the single-molecule 
junctions. Slight differences were noticed in the single-molecule 
conductance values between the BJ and I–t techniques. These 
are attributed to the background tunneling currents: the 
background currents were subtracted in the determination of 
the conductance in the I–t measurements (see above), while 

these currents were uncorrected in the case of BJ 
measurements.
Fig. 3 Cumulative histograms for (a) HDT and (b) HDA constructed based on the 
lifetime of junctions observed in I–t experiments. The total number of the 
junctions, N, were plotted against time.

Current traces obtained from I–t measurements can be used 
to deduce lifetimes of single-molecule junctions.33, 34, 36-38 Figure 
2c and 2d shows that many junctions broke down within 
approximately 100 ms for HDT, while they ruptured within 50 
ms in the case of HDA. These lifetimes are dominated by the 
kinetic properties of the single-molecule junctions, given the 
fact that no external force was exerted in the measurements. 
For quantitative analysis, the cumulative histograms of the 
lifetime were constructed by plotting the total number of the 
persisting junctions, N, against time in a semi-logarithmic scale 
(Fig. 3). All the histograms show linear regions, which means 
that the survival number of the single-molecule junction 
exponentially decays. The exponential dependence indicates 
the first-order kinetics of the breakdown process of the single-
molecule junction. To reinforce the findings, another sample, 
adiponitrile (ADN) with two terminal nitrile groups, was tested, 
and the linear region as found in Fig. 3 emerged in the 
cumulative histogram (Fig. S3 in the ESI†). These results are 
reasonable given that the breakdown process can be regarded 
as the unimolecular decomposition reaction. The rate equation, 

N  exp(–kt), was used to fit the linear region in the cumulative 
histogram, and the rate constant k was determined. The single 
molecule junction of HDT exhibited the smallest rate constant 
(3.8 s–1), followed by those of ADN and HDA (1.4 and 4.6 s–1, 
respectively). Importantly, this sequence is in accord with that 
of the binding energy of the terminal functional group with the 
Au electrode (2.4, 0.89, and 0.48 eV for HDT, HDA, and ADN, 
respectively).39 Although this relationship might seem to be 
obvious, it provides important implication for investigating a 
single-molecule chemical process, including reactions, within 
the molecular junction. The breakdown of molecular junctions 
is thermally activated process,27 which could reduce the effect 
of the molecular properties,40 e.g., molecular binding energy, on 
the observed current or conductance signals. Nevertheless, the 
relationship between the rate constant of the junction and the 
binding energy indicates that the desorption of the single 
molecules governs the breakdown kinetics of single-molecule 
junctions measured by the I–t technique. We, therefore, 
conclude that the analysis of the I–t traces offers a unique 
means to reveal the kinetic properties of single-molecule 
junctions.

The cumulative histograms as shown in Fig. 3 features linear 
regions at the long survival times, which indicates that a single 
mechanism dominates the junction breakdown process. 
However, the histograms deviate from the linearity at the short-
time regime (shorter than 0.1–0.2 s). The non-linearity indicates 
the existence of short-lived single-molecule junctions, in 
addition to the long-lived, stable ones. We attribute these 
species to the junctions with metastability. Possible origins can 
be attributed to unfavourable bonding geometries of the 
anchoring group to the substrate and/or atomic movements at 
the electrode surfaces.39 The metastable molecular junctions 
are found to be prominent in the 2D histograms in Fig. 2 and 
smear the presence of the stable junctions. This result 
underscores the necessity for the kinetic analyses in the 
argument of the stability of single-molecule junctions.

In summary, the I–t measurement was utilized to explore 
the single-molecule junctions having different terminal 
anchoring groups. The measurement resulted in the 
observation of the current plateaus arising from the 
spontaneous formation and breakdown of the molecular 
junctions. It was found that the lifetime of the junctions 
depends on the anchoring group of the constituent molecule. 
The lifetime was successfully analysed to deduce the kinetic 
properties of the breakdown process of the single-molecule 
junction, leading to the finding the relation between the rate 
constant of the junction and the binding energy of the 
anchoring group. The present research paves the way for the 
kinetic investigation of a chemical reaction on a single-molecule 
basis using the molecular junctions.
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