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ABSTRACT: Understanding how molecular geometry affects the electronic properties of single-

molecule junctions experimentally has been challenging. Typically, metal-molecule-metal 

junctions are measured using a break-junction method where electrode separation is mechanically 

evolving during measurement. Here, to probe the impact of the junction geometry on conductance, 

we apply a sinusoidal modulation to the molecular junction electrode position. Simultaneously, we 

probe the nonlinearity of the current-voltage characteristics of each junction through a modulation 

in the applied bias at a different frequency. In turn, we show that junctions formed with molecules 

that have different molecule-electrode interfaces exhibit statistically distinguishable Fourier-

transformed conductances. In particular, we find a marked bias-dependence for the modulation of 

junctions where transmission is mediated thorough the van der Waals (vdW) interaction. We 

attribute our findings to voltage-modulated vdW interactions at the single-molecule level. 

KEYWORDS: single-molecule, fast Fourier transform, van der Waals interaction, conductance 

decay, molecular conformation, molecular junctions 
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 Single-molecule junctions are a popular platform in studying molecular electronics. To this 

end, there have been myriad demonstrations of the electron transport properties of single 

molecules1-6. Yet, measuring how the junction geometry affects these devices’ conductance 

remains experimentally difficult, especially at room temperature, due to the short lifetime of a 

particular conformation at room temperature in break-junction measurements and the challenges 

of controlling the electrode-molecule interface3, 7-14. Critically, it has been shown that the transport 

properties of a molecular junction depend on molecular conformation, which is shown to be 

tunable mechanically and electronically15-23. To statistically sample over the molecular 

conductance that could occur in a junction at room temperature, one of the most widely-used 

experimental techniques for investigating single-molecule junctions is the scanning tunneling 

microscopy break-junction (STM-BJ) method24. In this method, the properties of a single-molecule 

junction are measured while the electrode separation is increased to facilitate the formation, 

evolution, and rupture of the junction. Each measurement therefore samples a progression of 

numerous distinct conformations. This method has been used before with rigid molecules 

covalently bonded to electrodes. Here, we show that it can be used to explore distance-dependent 

intermolecular interactions at the single-molecule level. Importantly, we find that the applied bias 

between electrodes affects the coupling at the electrode-molecule interface, allowing us to probe 

sub-molecular interactions through the interplay between the electronic and mechanical properties 

in single-molecule junctions. These results provide a platform to elucidate the properties of 

distance-dependent electronic interactions, such as the van der Waals (vDW), at a single-molecule 

scale via modulating the substructure of a molecular junction. 
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Figure 1. (A) Schematic of the STM-BJ setup for a molecule that binds to gold with linker L and 

through a van der Waals interaction at X (dark red). The electrode separation is indicated by the 

distance !. (B) Conductance trace (red) of a single molecular junction. After a fixed time of 0.1 s, 

the electrode position, or relative displacement (blue) is modulated sinusoidally at a frequency "p 
and 1.2 Å amplitude. The applied voltage (turquoise) is simultaneously modulated at a frequency 

of "v and 26 mV amplitude. Inset: zoomed in view showing conductance response to the 

modulation. (C) FFT magnitude of the conductance trace. The first and second harmonic peaks of 

the distance modulation	$!! and $"!!, as well as the first harmonic peak of the bias modulation 

$!" are identified. At zero frequency, the FFT conductance magnitude gives the average 

conductance of the junction, which we label as Gavg. 

 Herein, we employ a frequency-modulated method with STM-BJ to analyze the effect of 

distance-dependent molecular interactions on molecular conductance.11, 25 Figure 1A depicts a 

molecular junction comprising a general, asymmetric molecule with an aurophilic linker L and a 

vdW-based interacting site X. The standard STM-BJ technique is described in the Methods section. 

Figure 1B shows a single trace where the technique has been modified such that after an initial 

elongation of 2 nm, the junction is held at fixed displacement while the bias and the voltage applied 

to the piezoelectric transducer are modulated at frequencies "# and "$, respectively. The 

molecular junction formation is indicated by a conductance plateau after the rupture of the gold 
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contact at conductance around 	1$%, where 	$% = 2("/ℎ is the conductance quantum. While the 

junction is held, the electrode separation # can be described as: 

 ! = 	!% + !& sin("$- + .) (1) 

where !& is a small amplitude modulation, !% is the mean separation, - is time and ' is the phase. 

Simultaneously, during this hold, the applied bias can be described as: 

 0 = 	0% + 0& sin("#- + .)	 (2) 

where 0& is a small voltage modulation, and 0% is the mean applied bias. This method thus allows 

the measurement of both mechanically-modulated and electronically-modulated properties of the 

junction, which we connect in the analysis. The sinusoidal modulations in electrode separation and 

applied bias prompt sinusoidal responses in the conductance at frequencies "$ and "# respectively, 

as depicted in the inset of Figure 1B. A fast Fourier Transform (FFT) of the measured conductance 

during the hold is performed to isolate the effect of modulations on conductance. For "$ = 5.1 

kHz, !& = 1.2	Å	"# = 11 kHz, and 0& = 26 mV (see SI section 1 for details), the magnitude of 

the FFT of conductance displays clear peaks at the modulation frequencies $!! and $!" 	as shown 

in Figure 1C. The second harmonic peak at 2"$ is also well resolved. Furthermore, the zero-

frequency peak is identified as having a conductance of Gavg, the average conductance of the 

junction during the hold. In each experiment, we analyze statistically the Fourier transform of 

thousands of traces selected using an automated algorithm (see Methods for details).  

 The magnitude of the FFT of conductance at "$ is a quantitative indication of the change 

in conductance with electrode separation. For a tunnel junction, where the two electrodes are 



5 
 

gapped without the presence of a molecule, conductance decays exponentially with the electrode 

separation as: 

 $ = $'(()* (3) 

where $ is the conductance of the junction, $'  is the exponential prefactor, and ) is the 

conductance decay factor. As a first approximation, to quantify the dependence of single-molecule 

junction conductance with respect to electrode separation, we replace ) with 5. The reason behind 

distinguishing 5 from ) is to distinguish single-molecule junction distance modulation from the 

decay constants of oligomer series reported in literature – a point that is elaborated on further 

below.  From Taylor expanding Eq. 3 about #!, as long as 5 is independent of !, we obtain: 

$(-) = $'((+*# 671 + ,$
- +

,%
.- +

,&
"/%- +⋯9 − sin("$- + .) ∙ 7; + ,'

0 +
,(
&1" +	… 9 −

cos(2"$- + 2.) ∙ 7"
$

- +
,%
-0 +

,&
&2/. +	…9	+ ⋯= = $3#4 + $!! + $"!! +⋯ (4) 

where we define a factor - = 5!1. Eq. 4 shows the result of the Taylor expansion up to the second 

harmonic term and up to 6th order in -. Assuming ; < 1, which is the usual case in tunnel junctions, 

the ratio of the magnitudes of the first harmonic term to the zeroth harmonic term approaches -, 

i.e., $!!/$3#4 ≈ 	;, since $3#4 is equal to the zeroth order harmonic term in the FFT of 

conductance. Therefore, the effective conductance decay writes: 

 5 = ,
*)
≈ &

*)
$!!/$3#4  (5) 

which is the magnitude of the FFT of conductance at "$, normalized by the average conductance 

and piezo modulation amplitude. This shows that 5 represents the normalized sensitivity of a 

molecular junction’s conductance to electrode separation which is not the same as ) in Eq. 3. 
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We now apply this analysis to measurements with two different molecules, 4,4′-

di(methylthio)stilbene (1), and 4-(methylthio)stilbene (2). The chemical structures of 1 and 2 are 

shown in Figure 2A and their syntheses have been described previously26. Molecule 1 binds to the 

Au electrodes through Au-SMe donor-acceptor bonds while molecule 2 binds through an Au-SMe 

bond on one end and a π-Au vdW interaction on the other end.26 We first measure the conductance 

of both 1 and 2 without the added junction bias and piezo modulation. Conductance histograms 

constructed from standard break-junction measurements are shown in Figure 2B and are consistent 

with published results26, 27. The conductance of 1 is roughly a factor of 50 higher than that of 2, 

which is largely a reflection of the through-bond nature of the transport in 1 and the through-space 

coupled transport in 226, 27. We next measure both molecules while modulating the displacement 

and bias voltage as described above and analyze the response of conductance to the modulation 

for traces selected to sustain a molecular junction during the hold segment (see Methods). For each 

trace, we determine $3#4 and 5 (defined in Eq. 5) and construct a 2D histogram with the values 

from all selected traces of 1 and 2. These histograms are shown in Figures 2C and 2D where we 

find no correlation between $3#4 and 5 nor between !& and 5 (see Figure S4) – the parameter 5 

obtained from the model in Eq. 3 intrinsically normalizes the conductance response by average 

conductance and modulation amplitude for small modulations. Figure 2E shows a comparison of 

the parameter 5 for 1 and 2 on the same axis. The higher response of 2 to distance modulation is 

indicative of the through-space coupling between the molecular backbone and the electrode, which 

leads to larger changes in conductance with modulation. The most probable value of 5, i.e., the 

maxima of the distribution in Figure 2E was 0.25 ± 0.03 Å-1 for 1 and 0.63 ± 0.08 Å-1 for 2, 

where the reported errors are obtained from the histogram bin size. Note that this decay parameter 
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should not be confused with ) in Eq. 3, the decay parameter determined from measuring the 

conductance of a series of molecules with increasing length, as will be discussed further. 

 

Figure 2. (A) Chemical structures of 1 (blue) and 2 (red). (B) Conductance histograms of constant-

pull measurements of 1 (blue) and 2 (red). (C), (D) 2D histograms of the effective exponential 

conductance decay, b, against the average conductance during the hold portion of each selected 

trace, Gavg, of 1 and 2, respectively. (E) 1D histograms of b for 1 and 2. (F), (G) 2D histograms of 

the normalized dI/dV against Gavg of 1 and 2 respectively. (H) 1D histograms of the normalized 

dI/dV for 1 and 2. All measurements from (B) to (H) are carried out at 500 mV (average) applied 

bias. 

 To further quantify the conductance decay properties, we elaborate on the physical 

significance of 5 by ascertaining to what degree the exponential decay model used above is 

appropriate. To do this, we examine the magnitude of the second harmonic of the FFT magnitude 

of the conductance, and compare this with that of the first harmonic (see SI section 3). From the 

Taylor expansion shown in Eq. 4, at small -, 

 $"!!/$!! ≈
&
-$!!/$3#4 ≈

,
-  (6) 
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We first test this relation by repeating the modulation measurements with tunnel junctions. We 

find, as shown in Figure S5A, Eq. 6 holds in excellent agreement with the exponential model. 

However, for molecular junctions, there is considerable deviation from this model, as seen from 

Figures S5B and S5C. These results indicate that the exponential conductance decay model (Eq. 

3) cannot be used to fully explain the decay in conductance with distance within a single junction, 

as has been done before10, 11. Importantly, we note that 5 is not constant with respect to junction 

separation ! for a junction with a single molecule. Hence, conductance decay with length for a 

molecular series and conductance decay with the or electrode separation for a single-molecule 

junction are not quantitatively following the same decay factor. However, the value of 5 over 

thousands of junctions displays no correlation with conductance (Figures 2C, 2D, and S4). 

Therefore, whilst 5 using this model is normalized with respect to junction conductance and 

therefore can be used to compare different junctions, the physical significance of 5 should not be 

confused with conventional length-dependent tunneling. Indeed, molecule 1 (Figure S5C) shows 

higher deviation than molecule 2 (Figure S5B) despite the two molecules having the same 

backbone. This indicates that through-bond contacts of the molecule with the electrode contribute 

more to the deviation from the exponential decay model than through-space tunneling or the 

molecular backbone. Therefore, we suggest that the origin of the conductance change with 

mechanical modulation is the result of changes in coupling between the molecule and electrode as 

the metal-molecule interface is mechanically perturbed, altering the geometrical sub-structure of 

the junction. 

We next examine the response of the current to the voltage modulation that is applied 

simultaneously with the mechanical modulation and determine the differential conductance as: 

 
67
68 =

&
8#
D!" (7) 
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Figure 3. (A) 1D histograms of the effective exponential conductance decay, and (B) 1D 

histograms of the dI/dV normalized by average junction conductance of 2 at different average 

applied biases 0% as labelled in each panel, all with the same modulation voltage amplitude of  

0& = 26	E0. (C) 1D histograms of the effective exponential conductance decay, and (D) 1D 

histograms of the dI/dV normalized by average junction conductance of 1 at different average 

applied biases 0%, with 0& = 26	E0. All histogram counts are normalized to 1. 

where D!" is the FFT magnitude of the measured current at "#. Due to capacitive28 effects in the 

junction, we take only the in-phase component of the current. Figures 2F and 2G show 2D 

histograms of the differential conductance normalized by the average conductance, against the 

average conductance. The normalized differential conductance is larger than 1.0 for both 

molecules indicating a non-linear I-V characteristic at a DC bias voltage. Additionally, the 

normalized differential conductance is larger for 2 compared to 1 as can be seen in Figure 2H 

which shows the same data in a 1D histogram. Since the conductance of 2 has a higher response 

to both piezo modulation and bias modulation, we propose that through-space molecule-electrode 

coupling is more susceptible than through-bond coupling to voltage modulations. This is further 

supported by data using another molecular system as provided in SI section 4, confirming that our 

method can distinguish between through-space and through-bond coupled molecular junctions.  
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 We now investigate the effect of an applied bias on the vdW mediated through-space 

coupling. We repeat the modulation measurements while changing the DC bias applied during the 

mechanical modulation. We then determine the conductance decay parameter 5 at different biases 

for 2. As shown in Figure 3A, 5 decreases with increasing applied bias, which implies that the 

junction is less susceptible to mechanical modulation with increasing voltage. By contrast, the 

normalized differential conductance increases with increasing bias (Figure 3B) indicating higher 

nonlinearity of I-V relationship. Remarkably, the effective decay constant and the differential 

conductance changes markedly with bias for 2 (Figures 3C and 3D respectively) as opposed to 1 

which is bound to the junction through donor-acceptor bonds26. Hence, the voltage is able to tune 

the through-space van der Waals coupling between the molecule and the electrode. This is an 

exciting demonstration of the modulation of van der Waals interactions at a single-molecule scale. 

 

Figure 4. (A) Optimized geometry of 1 (top) and 2 (bottom) in the junction. Note that there is no 

clear bond between 2 and the bottom electrode. (B) Transmission functions of 1 (blue) and 2 (red). 

To explain this phenomenon, we turn to Density Functional Theory (DFT) calculations of 

the transport properties of single molecules using the FHI-aims software29 (see Methods for 

details). Figure 4A depicts the optimized geometries of junctions comprising 1 and 2. Using these 
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optimized geometries, we calculate transmission functions using a non-equilibrium Green's 

function (NEGF) formalism implemented in the AITRANSS package30, 31. The transmission 

calculations are shown in Figure 4B. The trends in the transmission values at Fermi agree well 

with the experiment, i.e. the conductance of 1 is greater than 2, but we note that transport DFT 

calculations overestimate actual conductance values for many-electron molecules32, 33. The 

asymmetric coupling of the molecule to the left and right electrodes for 2 results in a peak 

transmission of less than 100. The resonance peak for 2 closest to the Fermi energy (EF) is closer 

than that for 1 and the slope of the transmission function at EF is also greater for 2. This explains 

the larger normalized differential conductance measured for 2 when compared with 1, as the 

transmission for 2 is more non-linear around EF. The increasing non-linearity with bias for 2 

(Figure 3B) is also due to this feature in the transmission function; the applied bias modifies the 

coupling, which modifies the width of the resonance34, 35, which modifies the slope and curvature 

of the transmission at EF. Specifically, we propose that a larger applied bias facilitates stronger 

vdW coupling between the benzene and the gold electrode, which results in higher curvature of 

the transmission at EF. The stronger coupling is also consistent with the effective decay factor, 5, 

decreasing with increasing bias (Figure 3A). This strengthening of the coupling cannot solely be 

explained by polarization of the molecule under the electric field (see SI section 5), which further 

suggests that the bias modulates the vdW interaction. 

 In conclusion, we have demonstrated a method to statistically probe the response of a 

single-molecule junction to a change in electrode separation and voltage. We show that using this 

method, single-molecule junction properties can be distinguished by the magnitude of their Fourier 

Transforms. Furthermore, we are able to calculate a decay constant for the distance-dependent 

conductance of a single molecule, whilst simultaneously obtaining the differential conductance of 
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each trace. We connect these observations with the sub-molecular changes in geometry responsible 

for the conductance change, which distinguish through-space and through-bond interactions. 

Critically, the van der Waals junctions show a voltage-modulated behavior, while the donor-

acceptor bonded junctions do not. This method and these findings provide new insights into the 

relationship between junction structure and transport properties. 

METHODS: 

STM-BJ. The scanning tunneling microscopy break-junction (STM-BJ) technique involves the 

automated process of repeated formation and rupture of Au-Au contacts between a gold tip (0.25 

mm diameter, >99.9% Alfa Aesar) and gold-coated steel substrate (~100 nm thick, >99.9% Alfa 

Aesar), which form the two electrodes. The gold substrates are UV/ozone cleaned for 20 min 

before use. Prior to measuring analyte, the substrate is tested for cleanness by measuring 1,000 

traces of clean Au without any added solution. During the measurement, a constant bias, V, is 

applied across the junction with a 100 kΩ resistor in series. The current, I, is measured at an 

acquisition rate of 100 kHz. Conductance (G=I/V) is measured as a function of displacement in 

units of G0 (a conductance quantum, G0 = 2e2/h). The formation of a bulk Au-Au contact (contact 

threshold 5G0) marks the start of a trace, after which during a constant-pull measurement (see main 

text for “hold” measurement), the tip is withdrawn from the substrate at a constant speed of 16 

nm/s using a piezoelectric actuator until the measured current drops to instrument noise. All 

measurements are performed under room temperature and atmospheric pressure, with molecules 

in a solution environment (100 FG in 1,2,4-trichlorobenzene). The measured traces are then 

collected and compiled into 1D and 2D histograms.  

Data analysis. The hold measurements use an automated trace selection and Fourier analysis 

process. For each measurement, we take tens of thousands of traces. Traces are excluded based on 
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the following criteria: a) if the conductance during the hold is not bounded by the Gaussian 

distribution of the molecule’s conductance from the 1D conductance histogram, b) if the 

conductance during the hold varies by more than 1.5 orders of magnitude indicating abrupt 

conformation change in the junction c) if the conductance at the beginning of the hold is more than 

half an order of magnitude different from the conductance at the end of the hold to ensure closeness 

to periodicity of the hold region. For each selected trace, the same region of the hold is Fourier 

transformed using the FFT function in IgorPro. 

DFT calculations. The Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional36 was 

used for the DFT steps, with atomic zeroth-order regular approximation (ZORA)37 for scalar 

relativistic corrections to the kinetic energy, using a “double Zeta plus polarization”-equivalent 

basis set for non-gold atoms, and “double Zeta”-equivalent basis set for gold atoms. The 

transmission function is calculated using a non-equilibrium Green's function (NEGF) formalism 

implemented in the AITRANSS package30, 31. The calculation procedure proceeded in a geometry 

optimization, followed by a transmission calculation. As a first step, the geometry of the molecule 

attached to one gold atom on each side was optimized. We then take this optimized structure and 

append two gold pyramidal clusters with three additional layers (three, six, and ten atoms 

respectively) on top of the single gold atoms, along with two additional adatoms with randomized 

positions to introduce a little asymmetry into the gold clusters. Calculation of molecule 2 involved 

constraining the gold adatom on the linker-less side of the molecule to a triangular slab (two layers 

of 15 and 21 gold atoms) during the first step of geometry optimization, since a single gold atom 

has an unpaired electron, and without a molecular linker, the gold will over-bind to carbon. The 

single gold adatom that interacts with the benzene ring on the linker-less side is then added to the 

slab; upon another optimization we see negligible geometry change, indicating the π-Au 
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interaction is through-space and delocalized. For the side with the thiomethyl linker, the 

optimization procedure is the same as for molecule 1.  

Associated content 

Supporting information 

STM-BJ measurement details and additional experimental and theoretical data. This material is 

available free of charge at https://pubs.acs.org. 
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