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Van der Waals (vdW) contact, dominated by weak which are crucial for exploring noncovalent interac-
but ubiquitous vdW interactions, plays a significant tions and advancing molecular sciences.

role in diverse fields such as supramolecular chemis-
try, nanotechnology, and surface science. Accurate
characterization of vdW contact at the single-mole-
cule level remains challenging. Herein, we combine " e
the scanning tunneling microscope break junction [
technique with first-principles calculations to study

the mechanical and electrical characteristics of the ‘1‘

alkane/Au vdW contact in an in-situ solution environ- “ VdW ContaCt
ment. The step-like conductance plateaus indicate a |

gradual desorption of alkyl chains in units of two .& ;

methylene groups under force stretching. Two dis- ?/b?.»d

tinct charge transport channels, through the shortest vz
C-H/Au pathway and the entire adsorbed alkyl chain, ﬂ ‘3:\“ ’W d )

are identified. Furthermore, we discover that a higher * 74 ?@ R

electric field leads to increased conductance and

stronger bonding of the alkane/Au vdW contact. Keywords: alkane, van der Waals contact, single-
These results unveil the intrinsic properties of vdW molecule electronics, scanning tunneling microscope

contact at the molecular and even atomic levels, Preak junction, electric field
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Introduction

The organic/metal interface is scientifically and techno-
logically important in a wide variety of applications
including catalysis, surface science, and organic elec-
tronics."™ In particular, van der Waals (vdW) contact
between organic molecules and metals, characterized
by weak yet ubiquitous interactions.®*® However, the
interfacial properties of vdW contact remain poorly
understood.” On one hand, interfaces between massive
molecules and metals possess various structural and
chemical disorders that may generate uncontrolled
influences and fundamentally alter the interfacial prop-
erties.® On the other hand, accurate identification and
measurement of vdW interactions, which are the weak-
est interactions at the atomic level, from interacting
systems is highly challenging.®® The situation at the
solid-liquid interface becomes more complicated due
to the interference from solvent molecules.® Hence,
accurate characterization of the molecule/metal vdW
contact at the single-molecule level has long been de-
sired to explore and apply their intrinsic properties
efficiently."™

Alkane/Au contact, which represents one of the most
important types of vdW contact, shows relatively simple
vdW interactions and has been extensively studied in
surface science.*™ Alkanes have long served as a model
molecule for investigating vdW interactions and explor-
ing processes such as sorption/desorption and surface
self-assembly.”"%° In addition, alkyl groups are commonly
used to modulate interfacial coupling and electronic
structures in molecular devices.?"? The scanning tunnel-
ing microscope break junction (STM-BJ) technique has
emerged as a powerful tool for characterizing noncova-
lent interactions and interfacial contact in solution at the
single-molecule level from an electrical perspective. It
allows the detection of 6-c stacking interactions and
the conversion between chemisorption and physisorp-
tion.>?¢ A more profound exploration of the mechanisms
and potential applications of the alkane/Au vdW contact
can be anticipated through the careful selection of char-
acteristic molecules and the application of a directional
electric field in STM-BJ.?"*®

Herein, we investigate the structural evolution and
corresponding charge transport mechanism of alkane/
Au vdW contact through STM-BJ experiments and first-
principles calculations. Our results demonstrate that alkyl
chains are peeled off from the gold surface in units of two
methylene groups under force stretching, corresponding
to the step-like conductance plateaus observed in
1-octanethiol. Two distinct charge transport channels are
identified: one along the entire alkyl chain and the other
along the shortest C-H/Au pathway. Significantly, both
conductance and bonding strength of alkane/Au vdW
contact exhibit distinct bias dependence, with a higher

bias voltage leading to increased conductance and stron-
ger bonding.

Experimental Methods
Conductance measurement

The gold tip (99.99%) is controlled by a stepper motor
and a piezo stack to repeatedly bring into and out of
contact with the gold substrate (99.99%). Before each
experiment, the gold substrate is annealed with a butane
flame for ~30 s. The current between the tip and sub-
strate is measured continuously in 1,2,4-trichlorobenzene
(TCB) solution containing 1 mM target molecule, unless
otherwise mentioned. The conductance versus displace-
ment traces during the STM tip retraction are used in all
analyses. The stretching rate of the tip is about 9.3 nm s™.
Single-molecule conductance measurements are carried
out by an X-TECH STM-BJ technique, and the data are
analyzed by the XMe open-source code (https://github.
com/Pilab-XMU/XMe_DataAnalysis).?

Flicker noise analysis

During STM tip retraction, if the sampling points around
the most likely conductance value exceed a certain
threshold, it means that a conductance plateau has
emerged. Then, the movement of the tip is stopped at
the position where the molecular junction is formed and
held for 150 ms with a sampling rate of 20 kHz per
second. A square of the discrete Fourier transform of a
conductance curve is calculated to obtain the noise
power spectral density. More than 10,000 conductance
traces are recorded to get the two-dimensional (2D)
histogram of the flicker noise power spectra.

I-V characterization

When a molecular junction is formed, the tip is paused
and the measurement mode is changed to carry out /-V
measurements with a bias range of +1V, which finishes in
a duration of 150 ms in our experiments. After the /-V
measurement, the mode is automatically switched to
current-time curve measurements. If the measured con-
ductance still falls within the preset conductance range,
the measured /-V curve is collected for the statistical
analysis. The 2D /-V, as well as 2D G-V histograms are
plotted in a 150 x 150 array.

Computational methods

The geometry optimization and transmission coefficient
T(E) of the single-molecule device are carried out by
using the generalized gradient approximation Perdew-
Burke-Ernzerhof exchange-correlation functional with
the non-equilibrium Green’s function approach in the
QuantumATK package.®>® The electrode is built to be
large enough to eliminate the effect of other molecules in
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the periodic direction. Fritz-Haber-Institute pseudopo-
tential is used for calculating both geometry optimization
and transmission curves with the single-Zeta polarized
basis set for Au atoms and the double-Zeta polarized for
other atoms. In order to consider vdW forces between
the molecule and electrodes, density functional theory
calculations with dispersion corrections of Grimme
(Grimme-DFT-D2) are taken into account as a correction
of energy.*? In specifics, the optimization is converging
with the 0.02 eV/A force tolerance, the energy cutoff is
150 Ry, iteration control tolerance is 1 x 107°, k-point
sampling is Monkhorst-Pack type. k-point sampling per-
pendicular to the electron transport is ka = kg = 2, kc =150
in the parallel transport direction when calculating the
transmission curve. The conductance o(p) is calculated
using the Landauer formula.

Results and Discussion
Desorption of alkyl chains from the Au surface

To investigate the vdW interactions between alkane
and gold, the charge transport properties of dynamic

single-molecule junctions that are composed of 1-alka-
nethiol and asymmetric contacts (one robust Au-S cova-
lent contact and the other C-H/Au vdW contact) are
measured via a STM-BJ technology (Figure 1a). Specifi-
cally, the single-molecule conductance is measured re-
peatedly with tip-substrate displacements. The process
involves creating and disrupting single-molecule junctions
in a solution of TCB containing the target molecule at
a concentration of 1 mM. Typical individual traces for
1-octanethiol under 0.2 V bias are presented as a purple
line in Figure 1b and Supporting Information Figure S1. The
conductance features four-step continuous conductance
plateaus. These findings suggest that the four conduc-
tance states (I, Il, I, and V) are part of a continuous and
correlated process. A 2D conductance-displacement his-
togram consisting of thousands of such conductance-
displacement traces is plotted in Figure 1b and further
confirms the four conductance states. A plausible hypoth-
esis explaining the four conductance states is that mono-
thiol-anchored alkane can form stable alkane/Au vdW
contact with varying geometries when connected to the
gold substrate. The one-dimensional (ID) conductance
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Figure 1| Break junction measurements of T1-octanethiol. (a) Schematic STM-BJ measurements of the vdW contact
between alkane and gold. E represents the bias-induced oriented electrical field. (b) 2D conductance-displacement
histogram of 1-octanethiol. One typical single conductance-displacement trace with four distinct plateaus is marked.
(c) 1D logarithmic conductance histogram of T-octanethiol. (d) Junction displacement distributions of molecular
Jjunctions corresponding to the four conductance states in panel (b). (e) 2D histogram of normalized flicker noise
power versus average conductance for 1-octanethiol junctions corresponding to state lll. (f) The conductance at the
peak for four states versus the number of suspended methylene groups.
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histogram provides a statistical analysis of the conduc-
tance peaks (Figure 1c), whose maximum frequencies
are located at 10™° G, 1028 G, 107%% Go, and
107%%° G, (where Gp = 2e°/h = 77.5 S is the quantum
conductance) from state | to state IV, respectively. The
formation of vdW contact is further supported by control
experiments (Supporting Information Figure S2), where
the conductance states cannot be observed in 0.01 mM
TCB solutions. The displacement length of the junctions is
analyzed to gain deeper insights into the evolution of the
junction structure during stretching. As shown in
Figure 1d, the junction displacement gradually increases
from conductance state | to state IV. The increment of
displacement between adjacent states, from state Il to
state 1V, is about 0.15 nm, implying a continuous and
repetitive process during the stretching. Note that the
displacement of state | is considerably small due to the
snapback distance of the Au atoms after breakdown.
Furthermore, the measurement using a preassembled
monolayer sample shows that the observed four conduc-
tance states are independent on the adsorption site of the
monothiol group (Supporting Information Figure S3).

The charge transport through molecule/metal contact
is strongly dependent on interfacial coupling, involving
both through-bond and through-space couplings, which
can be assessed by the flicker noise analysis. Flicker
noise analyses conducted on 1-octanethiol show the
noise power scales to be G across the conductance
states, indicating the charge transport through junctions
is dominated by through-space coupling (Figure 1le and
Supporting Information Figure S4).25% This is because
weak through-space coupling induces more interfacial
fluctuations, while robust through-bond coupling restr-
ains the fluctuations. Consequently, these results further
support the finding that the four conductance states
arise from distinct alkane/Au vdW contact.

In the nonresonant tunneling regime of molecular junc-
tions, conductance typically decays as G ~ e™™, where is
the decay constant and N is the unit number of the
molecular backbone. The p values of alkane have been
extensively measured using difunctionalized molecules
with different lengths, ranging from 0.91 to 1.02 in previ-
ous studies.***” In our continuous measurements, a linear
fit of conductance values for states Il to IV yields a p value
of 1.05 (Figure 1f). This continuous measurement ap-
proach gives a B value similar to those obtained in previ-
ous discrete and independent measurements, indicating
a desorption process of alkane on the metal surface.
Extrapolating the fit to zero units reveals a contact resis-
tance of ~600 kQ (0.021 Go) for the molecular junction,
meeting the minimum value (1/Gyp) dictated by fundamen-
tal quantum mechanics for a single conducting channel
across a junction.*®*” Surprisingly, this asymmetric junc-
tion, including vdW contact, exhibits a relatively low con-
tact resistance, comparable in magnitude to SMe (270 kQ)

and NH, (370 k) anchors.*®*° For the conductance state |,
the measured conductance value is slightly higher than
0.021 Go due to efficient charge transport pathways
offered by both alkane/Au and S/Au contacts in the
narrow gap.

To understand the desorption process of alkane on the
metal surface, the bond angle between the molecular
anchoring group and the Au tip, as well as the zigzag
carbon skeleton in alkyl chains should be considered. For
alkanethiol adsorbed on a gold surface, the Au-S-C bond
angle is about 104°, and the backbone tilts at about 35°
with respect to the surface under the restriction of mo-
lecular bond angles.*®*" Considering the conductance
decay constant and the zigzag carbon skeleton in 1-octa-
nethiol, it is speculated that every two methylene groups
are peeled off from the gold substrate simultaneously,
leading to the four conductance states for 1-octanethiol.
In comparision, we also conduct STM-BJ measurements
of 1-hexanethiol and find three conductance states
(Supporting Information Figure S5). Besides, previous
experimental and theoretical studies have shown that
alkane generally adopts a zigzag lying conformation (the
methylene groups alternate between high and low posi-
tions above the surface) rather than a standing confor-
mation on the metal surface.*” Two-methylene group
desorption offers novel insights into the force-induced
desorption of alkane on the gold surface. In the force-
induced desorption process of alkane on metal, the adja-
cent displacement increment obeys AZ = (Zg + kF), where
Zo is the length of two methylene, k is the spring constant
of alkane, and Fis the rupture force in break junctions. Our
measured increment is less than theoretical AZ, indicating
that the strength of alkane/Au vdW contact is quite weak
in solution.

Charge transport mechanism of alkane/Au
vdW contact

First-principles simulation of the desorption process of
alkane on the gold surface is conducted to prove our
speculation. Four stable configurations of alkane/Au con-
tact are identified by increasing the gap size (Figure 2a).
Consistent with previous studies,*** the bonding energy
linearly increases with the number of adsorbed methylene
groups, measuring approximately —2.61, —2.03, —1.24, and
—0.51 eV, respectively. The transmission spectra for the
four configurations show their conductance near the
Fermi level align well with the experimentally observed
four conductance states, indicating that the conductance
states |, I, lll, and IV correspond to the configurations with
Nags = 8, 6, 4, and 2, respectively (Figure 2b). Notably, all
four configurations show a prominent transmission peak
around —0.32 eV, corresponding to the alkane/Au cou-
pling. As the Au tip displaces from the substrate, a small
transmission peak emerges around —0.08 eV for config-
urations with N,y of 8 and 6, and it is masked by the large
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Figure 2 | Charge transport mechanism of vdW contact. (a) Optimized configurations (bottom) of 1-octanethiol for
four conductance states and the corresponding bonding energies (top), respectively. (b) Transmission curves for four
conductance states. (c) Transmission eigenstates for conductance state | at —0.32 eV (left) and -0.08 eV (right).
2D G-V histogram of T-octanethiol for conductance states Il (d) and Il (e).

transmission peak at —0.32 eV for the other two config-
urations. Further analysis of the transmission eigenstates
near —0.32 and —0.08 eV indicates the presence of two
distinct charge transport channels in all alkane/Au vdW
contact: one along the shortest C-H/Au anchoring path-
way (-0.32 eV) and the other along the entire adsorbed
alkyl chain (-0.08 eV) to pass between electrodes
(see the transmission eigenstates of state | or Nygs = 8
in Figure 2c and those of state Il or N gqs = 6 in Supporting
Information Figure S6). These results are consistent with
the analysis of molecular projected self-consistent Ham-
iltonian eigenstates (Supporting Information Figure
S7).%* It is worth noting that due to a certain degree of
overlap between the two transmission peaks, two trans-
port channels contribute to the measured conductance
at the same time. Meanwhile, when two transport chan-
nels enter the bias window, the shortest C-H/Au anchor-
ing pathway (-0.32 eV) contributes more to the
conductance. To gain further insights into the single-
molecule vdW contact, we measure the current versus
voltage (/-V) and conductance versus voltage (G-V)
characteristics of 1-octanethiol-based junctions. By
bridging a molecule between two electrodes, the current
is recorded when scanning the bias voltage between
+1 V. The collected /-V traces are used to construct 2D
/-V histograms. A significant feature is that the conduc-
tance of four states of 1-octanethiol increases by

approximately an order of magnitude as the bias
changes from O to +1 V (Figure 2d,e, and Supporting
Information Figure S8), despite having a large highest
occupied molecular orbital (HOMO)-lowest unoccupied
molecular orbital (LUMO) gap (-6.32 and 0.82 eV for
HOMO and LUMO, respectively, Supporting Information
Figure S9). Furthermore, the conductance changes
nearly linearly with the increase in bias for states | and
I, while the conductance for state Il varies little within a
small bias ranging from —-0.5 to 0.5 V.

To distinguish vdW contact from covalent contact, we
conduct both experimental and computational investiga-
tions on a single-molecule junction featuring symmetric
covalent Au-S contacts established through 1,8-octane-
dithiol (Figure 3a). In alignment with previous studies,"* a
distinct conductance state at 10744° G, is identified, cor-
responding to the dual Au-S anchored configuration
(Figure 3b,c). Meanwhile, the conductance states result-
ing from a vdW contact are also observed occasionally in
the measurements (Supporting Information Figure S10).
The noise power scale of G"° further demonstrates that
the charge transport through 1,8-octanedithiol is domi-
nated by through-bond coupling (inset in Figure 3c and
Supporting Information Figure S11), rather than through-
space coupling observed in the 1-octanethiol junctions.
The results reflect the coupling difference between cova-
lent contact and vdW contact. Similar to 1-octanethiol,
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Figure 3 | Break junction measurements of 1,8-octanedithiol. (a) Schematic STM-BJ measurements of double covalent-
anchored contacts. (b) 2D conductance-displacement histogram of 1,8-octanedithiol. The typical single conductance
trace is marked. (c) 1D logarithmic conductance histogram of 1,8-octanedithiol. The inset shows the 2D histogram of
normalized flicker noise power versus average conductance. (d) 2D G-V histogram of 1,8-octanedithiol.

1,8-octanedithiol exhibits a large HOMO-LUMO gap
(-6.37 and 0.77 eV for HOMO and LUMO, respectively,
Supporting Information Figure S12). Its transmission
spectrum displays a prominent peak at —-1.18 eV, but the
transmission peak at —-0.32 eV vanishes (Supporting
Information Figure S13), corresponding to the absence
of vdW contact. Furthermore, /-V measurements indicate
that the conductance of 1,8-octanedithiol remains nearly
constant across the studied bias range, aligning with
previous research (Figure 3d and Supporting Infor-
mation Figure S14).344¢ The disparate bias responses in
the 1,8-octanethiol and 1-octanethiol systems highlight
the finding that vdW contact exhibits a more conspicuous
bias response in comparison with covalent contact.

Bias dependence of alkane/Au vdW contact

Although alkane is generally regarded as a nonpolar
molecule, it exhibits high polarizability, reaching up to
~15.9 A% in previous studies.*” This high polarizability
renders alkanes highly responsive to external electric
fields.*®* Numerous studies have demonstrated that the
bias electric field in STM-BJ can regulate the molecular
reaction dynamics and configurations.?”*° Therefore, we

propose an electric field-dependent vdW contact model
(Figure 4a). If a nonpolar entity is subjected to an applied
electric field, it triggers a rearrangement of charge dis-
tribution, resulting in the formation of an induced dipole
moment (Pinguced)- Considering the accumulation of elec-
trons at the electrode, both electrostatic and inductive
forces are amplified, fortifying the vdW contact. The
differential charge density is used to visualize the elec-
tron characteristics of vdW contact under a bias electric
field. In comparison with the case under a zero-electric
field, an obvious enhancement in the differential charge
density is observed at the alkane/Au interface under an
electric field of 0.5 eV/A (Figure 4b). Moreover, we
confirm the bias response of the vdW contact through
bias-dependent stretching break junction measurements
(Figure 4c-f, and Supporting Information Figure S15).
The conductance plateaus become more pronounced
under a higher bias voltage, indicating the higher forma-
tion probability and bonding strength of the vdW con-
tact. According to the nature of alkane, increased
induction and dispersion forces are mainly responsible
for higher bonding strength. The polarization-induced
enhancement of vdW contact is expected to be a funda-
mental phenomenon under bias. This bias-dependent
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effect can potentially be used to fabricate molecular
devices or investigate the electrical field effect at the
single-molecule level by regarding the entity polarizabil-
ity as a microprobe.

Conclusion

In this study, we combine the STM-BJ technique and
first-principles calculations to characterize the desorp-
tion process of alkane from the gold surface and explore
the charge transport mechanism of alkane/Au vdW con-
tact at the single-molecule level in an in-situ solution
environment at room temperature. Our results reveal
that alkyl chains are peeled off from the gold surface in
units of two methylene groups, resulting in four distinct
vdW contacts and their corresponding conductance
states for 1-octanethiol junctions. Two distinct charge
transport channels are identified, one along the shortest
C-H/Au atomic contact and the other along the entire
alkyl chain. In addition, both the conductance and the
bonding strength of the alkane/Au vdW contact exhibit
clear bias dependence. These findings not only provide a
strategic framework for exploring noncovalent interac-
tions, but also offer novel insights into molecular device
fabrication and field-effect investigations.
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