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Designing and building single-molecule circuits with tailored functionalities requires a detailed knowledge
of the junction electronic structure. The energy of frontier molecular orbitals and their electronic coupling
with the electrodes play a key role in determining the conductance of nanoscale molecular circuits. Here,
we developed a method for measuring the current—voltage (/-V) characteristics of single-molecule
junctions with a time resolution that is two orders of magnitude higher than previously achieved. These
|-V measurements with high temporal resolution, together with atomistic simulations, enabled us to

characterize in detail the frontier molecular states and their evolution in sub-angstrom stretching of the
Received 7th August 2024 . ti F . ¢ l l h in the electronic struct wved i thei
Accepted 19th September 2024 junction. For a series of molecules, changes in the electronic structure were resolved as well as their
fluctuations prior to junction breakdown. This study describes a hew methodology to determine the key

DOI: 10.1039/d4sc05285d frontier MO parameters at single-molecule junctions and demonstrates how these can be mechanically

rsc.li/chemical-science tuned at the single-molecule level.

Open Access Article. Published on 23 Fuulbana 2024. Downloaded on 17/10/2025 7:43:57 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Introduction

Characterizing and controlling frontier molecular orbitals
(MOs) at interfaces between metals and organic molecules is
a key requirement for designing tailored single-molecule junc-
tions (SMJs). The alignment of MOs and metallic electrode
states is one of the factors determining the charge transport
efficiency of the metal-molecule interface, which has been
studied in detail for bulk surfaces using spectroscopic
methods'® and local charge transport through the metal-
molecule interface at the nanoscale and has been characterized
using the scanning probe method.”® At the molecular scale,
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) levels of SM]Js can be
changed by introducing chemical functional groups into the
molecular backbone'** or by changing the type of electrode.™
Furthermore, fine energy tuning of the MO levels has been
examined in recent years, and it has been demonstrated that the
energy level arrangement between a molecule and metal elec-
trodes can be tuned at a single-molecule level by mechanical
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stretching of SMJs formed between metal electrodes (Fig. 1a and
b).’*2* Recent advances in single-molecule technology have
made it possible to experimentally control the interface and
electronic structure between individual molecules and metal
electrodes using break junction (BJ) methods, but only a few
studies have demonstrated the controllability of electronic
structure, including metal-molecule energy level alignment.
Due to the difficulty of routinely manipulating a single molecule
in a junction and making current-voltage (I-V) measurements
of SMJs with remarkably short lifetimes (10-100 ms) under
increased bias conditions (~1 V),* these studies have typically
been limited to a few selected compounds, hindering better
understanding of the modulation of molecular orbitals at the
single-molecule scale.

In this study, we developed a spectroscopic approach to
describe in detail the electronic structure of various SMJs
during the junction stretching process. This spectroscopic
approach is based on I-V using a customized program based on
field-programmable gate array (FPGA) technology, which has
sub-angstrom distance resolution and can routinely collect I-V
curves at a time resolution of 5 kHz, corresponding to a single I-
V curve acquisition time of 0.2 ms. The temporal resolution
surpasses that of conventional B] methods by approximately
two orders of magnitude.®® In addition to the standard analysis
of conductance (G) of SMJs, the statistical analysis of I-V curves
based on the single-level model*” gives the parameters, the MO
level (¢) and the metal-molecule electronic coupling (I'), which
are essential for understanding the electronic structure of
SMJs.?® Together with atomistic simulations of the junctions,
which verify the trends found by experiment, this combined

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(@) Schematic illustration showing one cycle of repeated current—voltage (/-V) curve measurement during the junction stretching

process. (b) Shift of molecular orbital level (¢) and electronic coupling (I') during molecule junction stretching. (c) Time course of Az, bias voltage
applied to the junction, and measured current in the magnified time region, in which a molecular junction forms. Here, the zero point of Az is
redefined as the display starting point. (d) Conductance (G), ¢, I' and asymmetric factor (AF) with junction elongation for BDI, BPY, BDT, and Cgp.
The ¢, I', and AF values are obtained by analyzing -V curves measured during the junction stretching process in (c). See main text for details. Blue,
blue, red, and green dots indicate G, ¢, I', and AF, respectively. The labels of (H) and (L) indicate the high and low conductance states, and (l)
indicates intermediate states between H (M) and L states. The regions of the H, T and L (M) states are filled in red, green, and blue, respectively. See
ESI Section 3t for the method used to determine the region of each state. The dotted lines represent the results of a linear fit of the experimental

data for each region.

analysis of G, ¢ and I in the stretching process of SMJs
demonstrated the manipulation of the electronic structure by
stretching. These trends in electronic structure obtained from
fitting measured I-V curves are supported by conductance
simulations based on DFT. In order to investigate a series of
HOMO- and LUMO-conducting junctions, this method was
applied to SMJs of 1,4-benzenediisocyanide (BDI), 4,4’-bipyr-
idine (BPY), fullerene (Ceo), and 1,4-benzenedithiol (BDT),
which are paradigmatic molecules used in charge transport
studies. Our study reveals the temporal evolution of junction
electronic structure with unprecedented temporal resolution
and how it can be mechanically modulated and tuned at the
single molecule level by simply displacing the electrodes.

Results and discussion

Fig. 1c shows a part of the I-V measurement during a stretching
process of a BDI junction and the time course of the junction

© 2024 The Author(s). Published by the Royal Society of Chemistry

current when an AC bias of 1.0 V in amplitude and 5 kHz in
frequency is applied from 0.0 ms to 120 ms, in which the time is
set to 0 when the SMJ is formed (ESI, Section 17). This I-V
measurement procedure has a relatively low junction stretching
rate (20 nm s ') and two orders of magnitude higher time
resolution than previous studies,”?*® allowing us to track
detailed changes in the -V curve due to junction elongation
that have previously been hidden by time averaging. In order to
investigate different molecular backbones, this I-V measure-
ment procedure was also applied to BPY, Cg, and BDT (ESI,
Section 27). Measured I-V curves were interpreted within the
single-level model (Fig. 1b). The model considers transport
mediated by molecular resonance, characterized by energy
with respect to the Fermi level (Eg), and electronic couplings to
the left and right electrodes given by I't, and I'g, respectively. At
alow bias regime, transmission at the Fermi level is given by the
Lorentzian function:

Chem. Sci., 2024, 15, 17328-17336 | 17329
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T(E) = TH((E — ¢)* + I?), (1)

where I' = I'y + I', and I' corresponds to the full width at half
maximum of the Lorentzian function. This model has been very
successful in describing the transport characteristics of many
SMJs.”” Current is obtained by integrating the transmission
function over the bias window, where we assume that the
molecular frontier energy &(V) shifts linearly with applied
voltage, while the electronic couplings I'; zr remain constant:*

?a(l - oz)F{tan’l {%} + tan™ {m} }

Iv) = h r
(2)

The parameter o describes the asymmetry of electronic
coupling with the electrodes, o = I'y/(I'r + I'r). By fitting the
measured I-V curves with eqn (2), the electronic structure (i.e., ¢
and I values) of the SMJ was determined (ESI, Section 3%). To
evaluate the structural asymmetry of the junction that is
asymmetry of the I-V shape, the asymmetric factor (AF) was
defined where AF is the ratio of G values (AF = log;o(Gp/Gn))
where G, and G, are G at positive and negative bias ranges.
When AF > 0 (AF < 0), larger current values are shown on the tip
(substrate) side. Fig. 1d shows representative traces of G, ¢, I',
and AF with respect to tip displacement Az for the junction
stretching. The conductance value G is determined from the
slope of the I-V curve within the bias range 475-525 mV. With
this time-resolved I-V measurement, detailed modulations with
sub-angstrom distance resolution were obtained for ¢, I', and
AF, in addition to G during the junction stretching process. The
G traces in Fig. 1d reproduce well the typical electronic states
formed during the junction stretching reported earlier for BDI,*
BPY,* Cg0,”® and BDT.*" It had been previously shown that SMJs
exhibit multiple conductance states such as high (H), medium
(M), and low (L) conductance states depending on the geometry
of the metal-molecule interface structure®®***>* (j.e., binding
modes between the metal and the molecule) for BPY, Cg, and
BDT. The states that appear during the transition between the H
and L (M) states are denoted as intermediate (I) states in our
work. The H, I, and L states are defined based on the results of
fitting the G trace with a sigmoid function (ESI, Section 37).
Notably, the high temporal resolution of -V measurement
carried out in this study was able to capture the I state that
appears during the transition from the H state to the L (M) state
for C¢o (BDT), which had not been confirmed before. The
formation, evolution, breakdown, or transitions of each elec-
tronic state during junction stretching, measured as stepwise
changes in G, are found to correlate with changes in the values
of ¢, I', and AF (Fig. 1d) measured simultaneously with G. The
conduction MO that carries electronic charges through the SMJs
has been confirmed to be the LUMO for BDI,>*** BPY,* and
Ce0,°® and HOMO for BDT.*” For the H states of BDI, BPY and
BDT, the MO level approaches the Er; in contrast, the LUMO
level moves away from the Er for the H states of Cq, due to the
junction stretching (Fig. 1d). The MO level of Cg, exhibits a non-
monotonic energy change during the H — I — L state transi-
tion with a decrease, increase, and decrease in the LUMO level

17330 | Chem. Sci, 2024, 15, 17328-17336
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(Fig. 1d). While ¢ exhibits a variety of energy changes, the metal-
molecule electronic coupling I' is monotonically weakened by
the junction stretching (Fig. 1d). Information of the structural
symmetry during the junction stretching can be obtained by
examining the AR values (Fig. 1d).*® Compared with other
molecules, BDI exhibits a symmetric interface structure with the
junction stretching (AF = log;(Gp/Gn) ~ 0), which agrees with
the result that the BDI forms a well-defined metal-molecule
interface structure whose conductance ranges from 10 to
1072G,.2° On the other hand, BDT and Cg, show variable metal-
molecule interface structures®*** with G ranging from 10> to
10'G, with the junction stretching. The junction stretching
changes the metal-molecule interface structure, forming an
asymmetric junction structure, which is responsible for the
relatively large changes in the AF values (o4 = 0.04-0.05) for Ce,
and BDT than that of BDI (o,r = 0.003). Here o4 is calculated as
a standard deviation of a histogram of the AF values at a given
electrode separation (ESI, Section 47).

To quantitatively evaluate the modulation of ¢ and I traces
due to the junction stretching of Az, one-dimensional (1D) G
histograms and 2D histograms of e-Az and I'-Az traces were
created from hundreds to thousands of traces (Fig. 2a and b),
which shows a clear distribution of the H and I states. In the 2D
histograms, distributions of the L or M states of BPY, Cg, and
BDT were obscured due to the low generation probabilities and
the low conductance near the lower conductance limit of the
measurement system (G = 2 x 10 *G,). The variation of the
electronic structure in the H and I states with respect to
stretching distance Az (i.e., de/dz, and 0 log I'/0z) was deter-
mined by linear fits of the slope of the distributions (Table 1 and
ESI, Section 47). The H states of BDI and BPY display a negative
d¢e/dz of —0.5 to —0.3 eV nm ', while the H states of C¢o and BDT
show positive de/dz of 0.9 eV nm™ " and 0.3 eV nm ™", respec-
tively. The I states of Cgo and BDT display negative and positive
de/dz of —0.2 eV nm ™' and 0.3 eV nm ™, respectively. In contrast
to d¢/dz, d log I'/0z is always negative regardless of the molecules
and the conductance states (Table 1). Interestingly, the I states
exhibit larger negative dlog I'/0z than the H states, and I is
reduced significantly in the intermediate states due to the
junction stretching (Table 1). Repeated I-V measurement with
improved time resolution allowed us to capture statistical
changes in the junction-electronic structure that were previ-
ously inaccessible, and to resolve the peculiar fluctuation of the
MO levels prior to the breakdown of the junctions. We would
like to emphasize again that with this -V approach, we were
able to visualize the distance evolution of the electronic struc-
ture (i.e., ¢ and I'), which was not possible with conventional G
measurements.

To understand the observed behaviour, transport calcula-
tions were performed within the DFT-NEGF formalism for BDI,
BPY, Cq, and BDT. These calculations focus on the evolution of
molecular levels in the final stages prior to the breaking of the
junction. Junctions were built where individual molecules were
placed between several Au(111) layers. Molecules were bonded
to both electrodes via Au tip structures. For each molecular
species, the conducting properties were calculated for a range of
electrode separations close to the junction rupture. At every

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Statistical analysis of the mechanical tuning of the electronic structures. (a and b) 1D histograms of G and 2D histograms of e—Az traces
and I'-Az traces for BDI, BPY, Cgo, and BDT constructed from 1278, 889, 513, and 2033 junction-stretching processes, respectively (see Fig. 1d
for examples of individual traces). Bin sizes of 0.02, 12 pm, 0.0075 eV, and 0.02, are used for G, Az, ¢, and T, respectively. The dashed lines in the
2D histograms are the results of linear fitting. Representative values of ¢ and I" were determined as a Gaussian peak of the distributions in each bin
(see ESI Section 4+ for further details). The insets of BDT and Cgq plot the representative ¢ values as a function of Az.

inter-electrode separation, the junction geometry was opti-
mized and the transmission spectrum was calculated. The top
electrode was then displaced upwards and the junction geom-
etry optimization and subsequent conductance calculation were
repeated. Fig. 3a shows the computed transmission spectra of
the BDI, BPY, Cq, and BDT junctions for a range of electrode
separations, depicting the elongation of structures from equi-
librium, obtained as the elongation which minimizes the
junction energy. For this range of elongations, the calculated
conductance is in the range 3.8 x 10> to 2.2 x 10~ >G, for BDI,
1.1 x 10> to 1.8 x 10 G, for BPY, 9.7 x 102 to 1.4 x 107G,
for BDT, and 2.5 x 107> to 2.9 x 10~ G, for Cg,. These results
agree well with previously reported values based on DFT
calculations: 4.8 x 102G, for BDL> 4.0 x 10 *G, for BPY,* 2.7
X 102G, for Cg,* and 2.4 x 10~2G, for BDT.*” The calculated
conducting properties reproduce experimental findings well.
BDI, BPY and Cg junctions are LUMO-conducting while BDT is

HOMO-conducting, as previously reported.>*** Fig. S17f shows
the spectra of all junctions replotted over a wide energy range
(ESL, Section 67%). As the electrodes are separated, molecular
frontier resonance energies change. At each electrode separa-
tion, values of ¢ and I" were obtained from the calculated spectra
by fitting the relevant transmission peak to a Lorentzian. Fig. 3b
shows the calculated energy ¢ of the frontier molecular orbital,
given as the peak position in the transmission spectra of Fig. 3a.
For BDI and BPY junctions, the LUMO resonance shifts towards
Er as the electrode retracts. In these cases, the Au contact atoms
come closer to the benzene nodal planes during junction
elongation, decreasing the electronic coupling of molecular
states. A similar behaviour is obtained for BDT and the calcu-
lated HOMO resonance moves towards Er as the junction is
broken. In Cgp, unoccupied resonances shift towards higher
energies as the junction is elongated. For BDT and Cg, there are
no significant changes in junction geometry with elongation,

Table 1 List of peak values for 1D histograms of G, &, and I" (i.e., Gpeak, €peak. aNd I'pea), and dlog G/dz, de/dz, 9e/0z°FT, dlog I'/9z, dlog I'/dz°FT,
and full width at half maximum of AF (wag) for BPY, BDI, Cgo and BDT in Fig. 2 (see also ESI Section 4)

BDI(H) BPY(H) Coo(H) Ceo(T) BDT(H) BDT(T)
Gpeak/GO 1072.39 1073,04 1070.50 1072.69 1071.67 1072.8
epeak [€V] 0.87 1.02 0.60 0.64 0.76 0.71
T pearc [€V] 0.06 0.04 0.22 0.04 0.14 0.03
dlog G/0z [nm™"] —1.64 —1.21 —2.40 —5.15 —2.24 -7.75
de/dz [eV nm '] —0.27 —0.47 0.91 ~0.16 0.31 0.33
9¢/0z°"" [eV nm ] —1.47 —2.72 1.88 N.A. 2.28 N.A.
dlog I'/dz [nm™*] —~1.07 —0.95 —0.06 ~2.56 —0.97 —4.18
d1og I'/3z°"" [nm™] —4.99 —5.05 —-2.75 N.A. —0.97 N.A.
Wap 0.20 0.29 0.40 1.02 0.61 0.93

© 2024 The Author(s). Published by the Royal Society of Chemistry
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junction structures at equilibrium positions.

and the distance to the electrodes (or to just one electrode, in
the case of Cg) increases. This reduction of the metal-molecule
hybridization results in molecular resonance energies being
driven away from the Fermi level with increasing electrode
separation.

A linear fit to the results of Fig. 3b yields the slope of the
frontier molecular orbital with distance, reported as de/0z°F T in
Table 1. Discrete molecular states broaden out in energy when
coupled with the electrodes. In the absence of energy-
dependent metal electronic states, this broadening follows
a Lorentzian line shape, whose full width at half maximum (I')
depends on the strength of the metal-molecule electronic
coupling.”” Under these conditions, peaks in transmission
spectra arising from molecular resonances also follow this
Lorentzian line shape. Molecular resonances in DFT-based
transmission spectra approximately exhibit a Lorentzian char-
acter near the peaks, although the line shape can be affected by
the presence of other molecular resonances near the Fermi
level, or of gap states. Fig. 3c shows the calculated electronic
coupling I', obtained as the full width at half maximum of
a Lorentzian fit to the transmission peaks of Fig. 3a. DFT
transmission spectra include several phenomena such as
energy-dependent Au states or other molecular orbitals, which
introduce deviations with respect to the single-level

17332 | Chem. Sci., 2024, 15, 17328-17336

approximation. As such, DFT spectra deviate from simple Lor-
entzian profiles*! (for example for Cg,). This leads to quantita-
tive differences between calculated and measured parameters,
as we find here. Despite these limitations, however, Lorentzian
fits to DFT transmission spectra have been carried out as they
allow for trends to be inferred and compared with those in
measured quantities.***>*>** In all cases, the coupling I’
decreases with junction stretching, as seen in the experiment.
For both d¢/dz and d log I'/dz, the sign of measured and calcu-
lated quantities always agrees. In Table 1, the calculated values
differ from measured ones, reflecting the fact that the exhaus-
tive DFT calculations performed here correspond to a series of
optimized geometries with increasing junction length. This
contrasts with the values in the experiment, where measure-
ments average over many conformations. DFT calculations yield
the largest variations with increasing junction length for BDI
and BPY. In the simulations of these junctions, the molecule
changed its orientation slightly becoming more vertical as the
junction was elongated. Junction geometries for different elec-
trode separations are shown in Fig. S18.1 This led to a decrease
in the m-Au electronic coupling with the electrode in BDI and
BPY and a transition toward coupling through ¢ bonds along
the long molecular axis. In contrast, simulations of BDT showed
that adsorption in the hollow site of the tip structures was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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energetically favourable. This enabled out-of-plane m-Au
coupling to be preserved throughout the junction elongation,
and the BDT junction yields the smallest decrease in d log I'/0z.
In the Cgp junction there is a small rotation of the cage which
seems to contribute to the reduction of the electronic coupling.
Qualitative trends in calculated and measured parameter
changes best match in BDI and BPY, while differences are more
prominent in BDT and, especially, Cso. We speculate that this
may be due to limitations in the applicability of the single-level
model for the Cg, junction.

In the above discussion, we examined the averaged global
trend of stretch-induced modulation of ¢ in molecular junctions
for the stochastically significant conductance states identified
in the 2D histograms of G, ¢, and I' vs. z traces (Fig. 2b). Besides
the global trend of the stretch-induced modulation of ¢, we
focus here on local small fluctuations of ¢ and I' measured in
the experiment. Fig. 4a shows examples of e-Az and I'-Az traces
with peculiar fluctuation of ¢ and I for the H states of BDT. In
addition to the global trend of the HOMO level ¢ approaching Ex
(see also Fig. 2b), there are local fluctuations where the HOMO
level drops and rises. We observe that the fluctuations in ¢ are
correlated with those in I'. To clarify the local small variation of
¢ and I' in individual traces, we determined d¢/0z and d log I'/dz
by dividing individual experimental traces into multiple
segments (Fig. 4a and ESI, Section 41) and created 2D plots
(Fig. 4b). Distribution in the d|¢|/dz vs. dlog I'/dz 2D plots indi-
cates that the smaller the value of dlog I'/dz, the smaller the
value of d|e|/dz. The relationship between ¢ and I' can be
confirmed by the rotation angles of the distributions fitted by
the two-dimensional Gaussian distributions (see circles in
Fig. 4b and ESI, Section 47). Analysis of the fluctuations in the
distributions shows that for BPY and BDT, d¢/dz is associated
with a gradual change in d log I'/dz. On the other hand, for Ce,
and BDI, small changes of de/dz are related to large fluctuations

© 2024 The Author(s). Published by the Royal Society of Chemistry

in dlog I'/dz. Thus, the analysis of the de/dz-dlog I'/0z histo-
grams shows that the de¢/dz fluctuations exhibit different
behaviour in different molecules.

Conclusions

We found that the MO levels can be mechanically gated on the
order of —0.5 to 0.9 eV nm ™" by stretching junctions for a series
of standard molecules. While electrostatic (field-effect) gating
requires microfabrication techniques to build single-molecule
device structures with transistor-type electrode configurations,
mechanical gating does not require the fabrication of complex
device structures and has relatively high gating rates, making it
one of the more useful approaches to control the MO levels of
SMJs. The I-V measurement procedure established in this study
is applicable to the evaluation of the electronic structure of
short-lived molecular junctions, where the molecule-electrode
interaction is weak and/or a temperature gradient exists across
the junction, providing opportunities to comprehensively
characterize and understand the charge transport properties of
various single molecules.

Materials and methods
Sample preparation

The Au(111) electrode was prepared by thermal evaporation of
Au on mica under high vacuum conditions. The Au(111) was
flame annealed and cleaned with ethanol (Kanto Chemical,
purity > 99.5%) before use. Mechanically cut Au wire (Nilaco,
diameter approximately 0.3 mm, purity > 99.9%) was used as
the tip. The target molecule was deposited on the Au(111)
electrode by immersing the tip or substrate in a solution of the
molecule. Ethanol was used as a solvent for the BPY (Wako Pure
Chemical Industries, purity > 97.0%) and BDT (Tokyo Chemical
Industry, purity > 98%), tetrahydrofuran for the BDI (Sigma-
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Aldrich, purity > 97%), and toluene for the Cg, (Tokyo Chemical
Industry, purity > 99.0%). Solutions of 1 mM for BDT and
10 mM for BPY, BDI, and Cg, were prepared. The samples of
BPY, BDT, BDI, and Cg,, which have strong bonding strength,
were prepared by immersing a mechanically cut Au tip for one
second.

Experimental

A commercially available scanning tunnelling microscopy
(STM) apparatus was used with a signal access module III
(Bruker, Multimode STM), in which the current amplifier and
piezo driver were replaced by an SR570 (Stanford Research
System) and E-663 (Physik Instrumente), respectively. The
feedback loop for the STM operation was controlled using
a custom-made program based on an FPGA (National Instru-
ment, PCIe 7852R), which has an analogue-to-digital conversion
sampling rate of 750 kHz. Meanwhile, the I-V measurement rate
was 5 kHz (for further details, see ESI Sections 1 and 5%). The
sampling rate determines the frequency at which data points
are collected, while the measurement rate refers to the
frequency at which I-V curves are repeatedly recorded.

The SM]Js were formed using the B] method based on STM.*
First, the Au STM tip is brought close to the Au(111) electrode
where the target molecule is adsorbed, while monitoring elec-
tronic current (I) between the Au tip and the Au electrode at
a bias voltage V = 50 mV. When a point contact between the Au
tip and the Au electrode is made, G (= I/V) between the tip and
electrode increases to more than 10G,. Then, the Au tip is pulled
away from the Au electrode to form an atomic contact at a tip
displacement velocity of 20 nm s~ . When G of the point contact
falls below 10G, (G, = 2€*/h), the application of sinusoidal
voltage is started and the point contact is gradually extended
with a tip displacement velocity of 1 nm s~ '. This elongation
broke the point contact and formed a nanogap between the Au
tip and the Au electrode. When the conductance falls below
0.8G, and a single molecule was trapped in this nanogap and an
SM]J was formed, the tip was further moved away from the Au
electrode in 6 pm steps at a tip displacement velocity of 20 nm
s~'. After each 6 pm-stretching within 2 ps, an I-V curve of the
junction was measured within 0.2 ms, followed by a 0.1 ms wait.
This one cycle of I-V measurement with the total data acquisi-
tion time of ca. 0.3 ms (0.302 ms) was repeated 400 times. After
the 400 cycles of I-V measurement, the tip was pulled up to 10—
40 nm and then returned to the initial position. All the feedback
control of the STM tip positions was programmed using the
FPGA technology. A lifetime of a molecular junction measured
at room temperature has been reported to be 100-1000 s at low
bias voltages of ~0.2 V, while it is as low as 10-100 ms at high
bias voltages of ~1 V.* Therefore, fast I-V measurements are
essential to repeatedly record a large number of I-V character-
istics within the +1 V bias range for a molecular junction.
Indeed, the time resolution of the present I-V measurement of
0.5 ms is much faster than the junction lifetime and allows
detailed tracking of the time evolution of the I-V characteristics
of molecular junctions. Eqn (2), which was used to fit the
experimental I-V curves, did not consider the effect of
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temperature on the I-V characteristics*® because, as shown in
a previous study, the effect of temperature at 300 K is known to
be less than a few percent.*®

Transport calculations

Electron transport calculations were performed for BDI, BPY,
BDT and Cg, junctions using the DFT-NEGF formalism as
implemented in SIESTA and TranSIESTA.*”** Unit cells con-
taining the molecule, pyramidal tip structures, and several
Au(111) layers were prepared. Each Au(111) layer contained 16
atoms. The stretching of the molecular junction was simulated
by increasing the inter-electrode separation in successive steps
of 0.2 A. At each electrode separation, the geometry of the
junction was optimized by allowing the coordinates of molec-
ular and tip atoms to relax with a force cutoff of 0.02 eV A~
Transmission spectra were calculated at optimized geometries
by pasting additional Au layers. A single- (double-)zeta polarized
basis was used for molecular (gold) atoms. A real-space grid was
defined with an equivalent cut-off energy of 250 Ry. Exchange-
correlation was described using the Perdew-Burke-Ernzerhof
(PBE) implementation of the generalized gradient approxima-
tion (GGA). Reciprocal space was sampled using 2 X 2 X 1, 5 X
5 x 1, and 15 x 15 x 1 Monkhorst-Pack grids for geometry
optimization, the calculation of electronic structure and Green's
function, and the calculation of transmission spectra,
respectively.
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