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1. Details of measurement system

Measurement system:

We constructed a data acquisition system based on the field programmable gate array (FPGA)
device with six output signals and one input signal (Fig. S1): four control voltages for the stepping
motors (Vsm) operating at tens of nm scale, a voltage (Vps) for piezoelectric devices operating at
pm scale, and a voltage (VsB) for current measurement applied between the Au tip and the Au
electrode. The output signals are transferred from the FPGA device (PCle-7852, NI) to a signal
access module III (Bruker, Santa Barbara, CA) and applied to each element. The piezo voltage is
amplified by a factor of 10 by a piezo driver (E-663, Physik Instrumente) and applied. The input
signal is amplified by a SR570 current amplifier (Stanford Research Systems). Four 16-bit integer
values of Itc, Vss, Ve, and number of traces (Nir) were integrated into a single 64-bit integer value,
which is transferred to LabVIEW user interface using the fast-in fast-out (FIFO) method.
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Fig. S1. Overview of I-V measurement system. Itc, Vs, Vpe and N indicate the 16-bit integer
values of tunnelling current through junctions, sample bias, piezo bias and trace number
respectively. Vsm shows bias voltage for the step motor of scanning tunnelling microscopy (STM).



Break junction method:

Prior to the I-V measurement (Fig. 1a), a Au tip of scanning tunnelling microscopy (STM)
was placed in point contact with a Au substrate covered with the target molecules. The STM tip
was then moved away from the substrate and the current flowing in the point contact is monitored
at a constant bias voltage of 0.05 V. When the conductance of the point contact (G = I/V) falls
below 10 Go (Go = 2e°/h,), the application of sinusoidal voltage is started and the point contact is
gradually extended with a tip displacement velocity of 1 nm/s (Fig. S3). This elongation broke the
point contact and formed a nanogap between the Au substrate and the Au tip. When the
conductance falls below 0.8 Go and a single molecule was trapped in this nanogap and a single
molecule junction was formed, the tip was further moved away from the substrate with a tip
displacement velocity of 20 nm/s and the /-V measurement in the junction stretching process was
continued until the single-molecule junction was broken.
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Fig. S2. Piezo displacement in STM-based break junction. Red line is the region of I-V
measurement.



2. Frequency response of the measurement system

The frequency response and distortion characteristics of the current amplifier used for the
electronic measurement were tested as follows. A shunt resistor of 100 k, 1 M, and 10 MQ was
placed between the STM tip folder and the STM stage, and a voltage with frequency ranges from
1 k to 200 kHz was applied. The frequency dependence of gain of the current amplifier was
evaluated by applying a sinusoidal voltage of an amplitude of 1.0 V to the shunt resistor. The half
value of the wave period (WP) is the time required to measure a single I-V curve. The frequency
dependence was checked by measuring current gain = G / Gideat Where G and Gideal are measured
and the actual conductance of the shunt resistors (Fig. S2 and Table S1). In the voltage range of
—1.0~+1.0 V, the time resolution of the /-V measurement was up to 5 kHz (WP /2 = 0.1 ms) if
3 % error is allowed.
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Fig. S3. Frequency dependence of current gain evaluated in terms of sinusoidal voltages with an
amplitude of 1.0 V. Insets of (a) and (b) indicate the waveform of applied voltage. The green, red,
and light blue data points correspond to the results for the 100 kQ, 1 MQ, and 10 MQ resistors,
respectively. G and Gideal correspond to the measured and actual conductance of the shunt resistors.



Period 1000 s 500 us 250 us 200 us 100 us 50 us

Resistancs (1.00 kHz) (2.00kHz) (4.00kHz) (5.00kHz) (10.0kHz) (20.0 kHz)

10 MQ 1.00 1.00 0.98 0.97 0.90 0.71
1 MQ 1.00 1.00 1.00 1.00 0.99 0.96
100 kQ 1.00 1.00 1.00 0.99 0.97 0.89

Period 25 ps 20 ps 10 ps
(40.0 kHz) (50.0 kHz) (100 kHz)

Resistance
10 MQ 0.48 N/A N/A
1 MQ 0.87 0.82 0.64
100 kQ 0.69 0.61 0.36

Table S1. List of gains for a sigmoidal wave with the amplitude of 1.0 V. *Period of measuring an
I-V curve corresponds to half the period of the sine wave.



3. I-V measurement and analysis

We have reported detailed controlled measurements of Au atomic contacts in a previous study (see
ref [38] in the main text). In that study, we investigated the structural asymmetry of single metal-
atom contacts using fast /-V measurements with a time resolution of about 100 ps, similar to the
method employed in this study. the results of these controlled experiments, accompanied by
extensive statistical analysis of over 300,000 /-V curves, demonstrate the robustness and

reliability of our measurement approach. The results demonstrate the robustness and reliability of
our measurement approach.

Time course of current measurement for BDI, BPY, BDT, and Cgo:
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Fig. S4. Time course of /-V measurement in Fig. 1d. Blue solid lines and red dashed lines indicate
time course of /—V curves and applied bias voltage for (a) BPI, (b) BPY, (c) BDT and (d) Ceo. The
time is set to 0 when the single-molecule junction is formed.

Fitting procedure of I-V curves:

Several I-V curves displayed kinked shapes (i.e., 4.7, 4.3, 13.8 and 9.2 % for BPY, BDI,
BDT and Ceo). Such I-V curves were automatically removed from the dataset used for the
statistical analysis (Fig. 1d and Fig. 4) because the kinked behaviour must be owing to a major
dynamic structural instability of the junction during a single /-V measurement cycle [33]. To



remove the kinked /-V curves (green curves in Fig. S4), a parameter R? is defined for each I-V
curve as follows equation (S1):

2 _ Z?]:o(li B fl)zz (S1)
Lol = 1)

where I; and f; are the measured and theoretical currents for the i data point of the I-V curve. The

R

theoretical current is obtained by the resonant level model of equation (1), and I is the average of
current values for each I-V curve. The kinked /-V curves with R*> > 0.5 were removed from the
dataset (Fig. 1d and Fig. 4). Examples of the removed /-V curves are shown in green in Fig. S5.
Moreover, I-V curves with o < 0.1 and 0.9 < a are also removed from the dataset because the I-V
curves of junctions without molecules indicates a values close to 0.0 or 1.0. Definition and dataset
of a in Fig. 1d are shown in Fig. S5.
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Fig. SS. Fitted results of /-V curves. Solid and dashed lines indicate experimental current and
fitted results for /-V curves for (a) BDI, (b) BPY, (c) BDT and (d) Ceo shown in Fig. 1 taken at
0.3 ms intervals.



a Values during junction stretching:

Symmetry of the /I-V curve, a, is defined as a = I'r/({ ®+IL) where I'® and /. corresponds
to the meta-molecule electronic coupling for the tip and substrate sides, and /"= I'r+/L (see also
equation (1)) [21, 23]. When a = 0.5, the metal-molecule electronic couplings of the junction are
symmetric (/ z=/r), and when a > 0.5 (a < 0.5), coupling of the tip (substrate) side is higher than
that of the substrate (tip) side.
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Fig. S6. a values as a function of junction stretching distance (Az) for BDI, BPY, BDT and Ceo.

BDI(H) BPY(H) GCeo(H) Coo(T) Ceo(L) BDT(H) BDT(M)

0OlogG/oz [nm™!] -2.52 -1.17 -3.63 -8.43 -3.09 -2.81 -2.31
0e/0z [nm™] -0.49 -0.44 1.67 -0.98 0.96 0.87 0.63
Ologl/0z [nm™] -1.56 -0.84 -0.78 -4.91 -1.31 -1.92 -2.01

Table S2. dlogG/0z, 0e/0z, and dlogl /07 along with junction elongation for BPY, BDI, Ceo and
BDT in Fig. 1d.



G, &, I', and AF vs. Az traces for BDI, BPY, BDT and Ceo:
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Fig.S7. G, ¢, I', and AF plotted as a function of the junction-stretching distance (Az) for BDI, BPY,
Cs0, and BDT.
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I-V measurements of p-phenylenediamine:

We also measured -V curves of p-phenylenediamine (PPD) during the junction stretching.
PPD (Wako Pure Chemical Industries Japan, purity > 97.0%) was deposited on the Au(111)
electrode by immersing the substrate in a 1 mM ethanol solution of each molecule for 3 hours. Fig.
S7 shows the examples of ¢ and /" with conductance plateaus in the range of 3 < G < 30 mGo [S1,
S2]. The OlogG/0z, Oe/dz and Ologl/0z values are summarized in Table S2. In PPD junctions, the
total number of traces with conductance plateaus was 61 out of 5859 and enough data could not
be obtained for statistical analysis. PPD exhibits 1/3 weaker molecule-Au bond than that of thiol
molecules, which results in lower mechanical stability of the junction [S2, S3]. Conductance
plateaus show that Az in the H state is short, less than 0.2 nm. The number of data points is not
enough to perform statistical analysis of which I~V curves for PPD.
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Fig. S8. Examples of (a) G, (b) ¢, and /" traces with respect to the junction-stretching distance. The
dotted lines are the results of liner fitting.

Trace 1 Trace 2 Trace 3 Trace 4
OlogG/oz [nm!] -2.25 -5.83 -2.28 -0.44
0e/dz [eV/mm] -2.18 -2.44 1.68 1.21
Ologl/oz [nm™'] -2.64 -3.94 -0.23 -1.79
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Table S3. List of 0logG/0z, 0¢/0z and dlogl/0z values of H states for the traces of Fig. S7.



Fitting to sigmoid functions and rate of change in G, ¢ and I" with respect to Az:

Stretching the single-molecule junctions results in a stepwise change in conductance traces
(G—Az traces), which correlate with the formation, evolution, breakdown, or transitions of the
conduction states of the junctions.

First, the conduction states occurring in the G—Az traces in Fig. 1d were analysed by fitting
the following step-like sigmoid functions (equation (S2)) to the G—Az traces.

G(4z)y A
o (7, >_Zl+exp(5i(Az—Pi))+C (52

i=1

where N is the number of functions, Ai is the amplitude, Si is the slope, Pi is the central position of
the function, and C is the offset. For details of the fitting procedure based on the sigmoid functions,
see ref [S4]. Upper and lower limits of the total sigmoid function were set to 10°° Go and 107 Go
respectively. N = 2 was used for BDI, N = 3 for BDT and Ceo, and N = 4 for BPY. The dashed
lines in Fig. S8 show individual fitted sigmoid functions (s1(Az), s2(Az), s3(Az). and s4(Az)). For
BDI and BPY, sz correspond to the H states. For BDT and Ceo, s2 and s3 correspond to the H and
M (or L) states, respectively (see also Fig. 1d).

Next, the rate of the change in G, ¢, and I" with respect to Az (i.e., 0logG/0z, O¢/0z, and
Ologl/07) were evaluated by linear fitting for the H, M, and L states, and the intermediate (I) states
between and H and M (or L) states (Tables 1 and 2). The fitting ranges of dlogG/0z, 0¢/0z, and
Ologl'/0z in the G—Az, e—Az, and I -Az traces (Fig. 1d) were determined based on the fitted sigmoid
function (s2) for BDI and BPY. The fitting range was defined as the range of Az < Pi+1 — In4/Si+1
where the amplitude of each sigmoid function is more than 80% of its maximum value.
Considering scattered data points in the e-Az traces (Fig. 1d), data points showing large
discontinuities with a difference between adjacent data points in ¢ greater than 0.1 eV were
excluded from the G, ¢, and /" data sets when fitting the straight line. For BPY, the rate of change
of € and I"as well as G was not evaluated because of the small number of data points in the L state
in the G—Az trace. In contrast to BDI and BPY, BDT and Ceo showed the multiple conductance
states and the clear transitions between them, and then evaluation ranges of the multiple conduction
states and the intermediate state was defined by the following procedure. First, initial ranges of the
conduction states and intermediate states were established based on the result of the fitted sigmoid
functions (s2 and s3). Four ranges were used in BDT: Az < 0.10 nm, 0.10 < Az < 0.17 nm, 0.25 <
Az<0.32nm, and 0.32 < Az < 0.40 nm because the change in G in the I state showed nonmonotonic
behaviour. Three ranges were used in Ceo: Az < 0.23 nm, 0.23 < Az < 0.38 nm, and 0.38 < Az <
0.60 nm. Next, for each range, G—Az trace, e-Az trace, and /—Az traces (see Fig. 1d) were linearly
fitted and the mean square error (MSE) was calculated for G, ¢, and I” (i.e., MSEG, MSE., and
MSEr). Finally, while changing the width of the range, we found the region where MSEiowl =
MSEG-MSE:-MSEr showed a minimum value and determined it as the region of the conductance
and intermediate states.
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4. Statistical analysis of I-V curves

In 2D histograms, the x-bin size is 12 pm and the y-bin size is 0.02, 7.5 meV, 0.02 and 0.01
for G, ¢, I'and AF respectively. The bin size of 1D histograms is 0.08, 30 meV and 0.08 for G, ¢
and I". For 1D and 2D of ¢, I, and AF, I-V datasets with R> < 0.5, G > 0.0002 Goand 0.1 < 2 < 0.9
were used. 0logG/0z, O¢/0z and Ologl /0z were evaluated from peak values of 1D with respect to
Az (blue and orange markers in Figs. S10-S13b). As linear fitting ranges of 0logG/0z, 0¢/0z and
Ologl/oz, Az < 0.39, 0.20, 0.12 and 0.18 nm were used for H states of BDI, BPY, BDT and Ceo
and 0.12< Az < 0.30 nm and 0.18 < Az < 0.35 nm were used for I states of BDT and Ceo in which
all three parameters are linearly changed. Here note that L state of Ceo was seen at the close
conductance range to I state at the range of 10~ < G < 1072 Go, which makes distribution of L

states ambiguous in € and 7.

Statistical analysis of G, &, and I for BDI:
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Fig. S10. Statistical analysis of G, ¢, and /" for BDI. (a) 2D histograms of logG-Az, e-Az, and
logl —Az traces and 1D histograms of logG, ¢, and log/" The 1D histogram of the H states (blue
lines) are compiled using dataset with Az < 0.39 nm. (b) 1D histograms of logG, ¢, and log/" at

several Az points. Peak positions of H states are indicated by blue triangles.
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Statistical analysis of G, ¢, and I for BPY:
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Fig. S11. Statistical analysis of G, ¢, and I" for BPY. (a) 2D histograms of logG-Az, e-Az, and
logl —Az traces and 1D histograms of logG, ¢, and log/" The 1D histogram of the H states (blue
lines) are compiled using dataset with Az < 0.20 nm. (b) 1D histograms of logG, ¢, and log/" at
several Az points. Peak positions of the H state are indicated by triangles.
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Statistical analysis of G, ¢, and I for BDT:
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Fig. S12. Statistical analysis of G, ¢, and I" for BDT. (a) 2D histograms of logG—Az, e—Az, and
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nm (orange line). (b) 1D histograms of logG, &, and log/" at several Az points. Peak positions of
the H and I states are indicated by red and orange triangles respectively.

16



Statistical analysis of G, g, and I for Ceo:
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Fig. S13. Statistical analysis of G, ¢, and " for Ceo. (a) 2D histograms of logG—-Az, e-Az, and
log/ —Az traces and 1D histograms of logG, &, and log/". The 1D histograms are decomposed into
two groups of the H and I states using a dataset with Az < 0.18 nm (blue line) and 0.18 < Az <0.35

nm (orange line). (b) 1D histograms of logG, ¢, and log/" at several Az points.
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Statistical analysis of AF for BPY, BDI, BDT, and Cgo:
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Fig. S14. Statistical analysis of AF. 2D and 1D histograms of AF-Az traces for BDI, BPY, BDT
and Ceo. Blue and orange histograms correspond with H and I states.

Statistical analysis of dg/0z and dlogl/0z for individual traces:

To evaluate the 0¢/0z and Olog//0z for the individual e—Az and I-Az traces, each trace was
divided into two or three segments and fitted with straight lines (Equation S3).

agldz + b, ifn=20

n
In = a,4z + by + Z(ai_l —a)k; ifn=>1 (53)

=1

n is the number of the segment and a; is the slope of i lines and ki is the boundary point shared
between the adjacent fitting segments. The linear fitting was perfumed simultaneously for all pair
of e-Az and I —Az traces. n=1 was used for BDI and BPY, and n=2 was used for BDT and Ceo.
Compiling thousands of values obtained from a fitting range of more than 0.1 nm, 2D histograms
of 0e/0z—Az and 0Ologl/0z—Az were created. The distributions were fitted with bivariate Gaussian
distribution (equation S4):

T <_ e —oy Deosp)” (G- Yo)cosy L2 0)5”"”)2) s4)
¢ r

xo0 and yo are centre of distribution and o, and oy are standard deviation of 0¢/0z and dlogl//0z. ¢
is the rotation angle (see in Fig. S16). Ceo and BDT. Rotational angles of the distributions are ¢ =
9,72, 0 and 27 degrees for BDI, BPY, Ceo and BDT respectively.
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Fig. S15. Fitting results of 2D histograms with bivariate Gaussian distribution and 1D histograms
of 0e/0z and dlogl 70z of BDI, BPY, Ceo and BDT. Black mesh is the Gaussian distribution.
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5. Statistical analysis of junction length

Fig. S16 shows length histograms of SMJs, which were constructed from G—Az traces used for the
creation of the histograms in Figs. S10-S13. For BPY and Ceo, the length of the SMJs has been
determined in a conventional standard BJ experiment under a constant low bias voltage of 100
mV .5 Distribution in length histograms is in good agreement between the previous study where
the applied bias voltage was kept constant'>>! and the current study where the bias voltage was
cycled at a high speed of kHz. These results suggest that similar junction morphology develops
when SMIJs are stretched with or without bias voltage cycling.

BDI BPY Ceo BDT

Count

0.01 0.1 1 j , , ; ; ; 1
Az [nm] Az [nm] Az [nm] Az [nm]

Fig. S16. Logarithmically binned length histograms of G—Az traces for BDI, BPY, Ce0, and BDT.
Bin size of Alog(Length/nm) is 0.06.
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6. Calculated transmission spectra

Fig. S17 shows the calculated transmission spectra of Fig. 3a replotted over an extended energy
range, where both occupied and empty resonances are visible. The data of Fig. 3a are replotted
here for clarity.

. BDI i BPY
10 10 r%
10" - 1o"f/
w 10° | -! 10'2é-
3 1 3 _3:
F10"F— 7004 | T 10 F—4z-0
-4 _AZ=04A | o _4'_AZ=0.
10 F=—4AZ=08A [ 41 10°F—az-=o.
AZ=12A i E F ——AZ=1.
-5 L | 1 1 L 1 L L 1 " -5 L | L | L | L
Wse 3 =2 4 0 1 2 0473 2 - 2
C60
- ' 7 10°F —T*
3 C I
1 \ \ ] C 1 \
: ~ : ! .
| 3 i ! .
] -1
10 : B
— AZ=00A | | — AZ=00A 3
—AZ=04A 3 ] —AZ=04A 1
A3 — AZ A
: ~—AZ=08A 3 I Azf?'gA ]
i AZ=12A 7 ! =12A ]
L | L | L -2 L | f | 1 | L | L | L
0 1 g Wi g o 1 ) 3 4
E-E_ (eV) E-E_ (eV)

Fig. S17. Transmission spectra of Fig. 3a replotted over a wider energy range
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Calculated junction geometries
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Fig. S18. Calculated junction geometries at different electrode separations
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