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ABSTRACT: Weak yet ubiquitous van der Waals (vdW)
interactions play an essential role in shaping the structure,
stability, and functionality of materials. Particularly, intermolecular
vdW interactions profoundly impact molecular stacking orders and
electronic properties. However, comprehending and precisely
controlling intermolecular vdW interactions has posed a long-
standing challenge. Here, we employ a combination of single-
molecule electrical measurements and theoretical calculations to
dissect and further regulate sophisticated vdW interactions in a
single-dimer junction. Specifically, by introducing an aminomethyl
group, the electrostatic force resulting from the dipole—dipole
interaction predominantly dictates the bistable conformation and
conductance of benzylamine dimers. As molecular 7-conjugation
increases, the influence of exchange and dispersion interactions is significantly amplified in (9H-fluoren-2-yl)methylamine
dimers. Furthermore, the application of electric fields effectively modulates the vdW interactions in dimers, impacting their
structures and conductance. Investigating these vdW interactions yields profound insights into the fundamental principles
governing the behavior of chemical and biological systems.
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eak yet fundamental van der Waals (vdW)
Winteractions (typically ranging from 0.5 to 3 kcal

mol™") profoundly influence molecules and materi-
als, shaping their structures and electronic properties.l’2 Van
der Waals interactions, which include orientation, induction,
dispersion, and exchange forces, are pervasive in conjugated
molecules,>* supramolecules,” two-dimensional materials,” and
metal/organic interfaces.”® Exploring these interactions,
particularly intermolecular interactions, is essential for
unraveling structure—function relationships and expanding
applications in molecular electronics,” '® material self-
assembly,'*'* and organic synthesis.”'*"”

Precisely exploring and regulating intermolecular vdW
interactions, especially various vdW interaction components,
is challenging. Previous studies have indicated that dispersion
interaction plays a critical role in benzene dimers'®'” and other
clusters of aromatic molecules”””" through ab initio calcu-
lations and nuclear magnetic resonance or rotational
spectroscopic experiments.22 However, the macroscopic
experiments are difficult to eliminate the influence of molecular
ensembles and finely regulate vdW interactions. Meanwhile,
single-molecule junction technologies,” such as dynamic
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scanning tunneling microscopy break junction (STM-BJ) and
static graphene-based single-molecule junction, have been
employed to investigate the vdW interactions between
molecules and electrodes,®'* as well as other noncovalent
interactions in molecular dimers, including z—7x interac-
tions,”'"** 6—o interactions™ and hydrogen bonds,** owing
to their high sensitivity of charge transport properties to dimer
configurations. The single-molecule junctions serve as an ideal
platform for exploring the weak yet ubiquitous intermolecular
interactions.

Conjugated molecular dimers are typical systems for
studying intermolecular vdW interactions. Previous studies
on vdW interactions have focused on purely theoretical
analyses”” or purely experimental investigations of individual
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Figure 1. Van der Waals interactions in benzylamine dimers. (a) Schematic diagram for intermolecular vdW interactions in benzylamine
dimers. (b) Theoretical predictions for the total intermolecular vdW interaction energy as a function of the inter-monomer distance in the
parallel direction. (c) Energy difference of interaction energy components including electrostatic, induction, exchange and dispersion terms
as a function of the inter-monomer distance calculated by SAPT.
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Figure 2. Charge transport through suspended benzylamine molecular junctions. (a) Calculated molecular energy levels and related
molecular orbital diagrams of two stable states. (b) Schematic illustration of two stable states of benzylamine dimer in STM-BJ
measurements. (c) Theoretical transmission spectra of benzylamine dimer with different stable states. (d) 2D conductance histograms of
traces with the suspended retracting process under 0.1 V bias. (e) Corresponding 1D conductance histograms of traces. (f) 2D current
versus voltage (I—V) histograms of benzylamine junctions. (g) 2D conductance versus voltage (dI/dV—V) histograms of benzylamine
junctions. The yellow line represents the most representative current value from the Gaussian fitting. (h,i) Fowler—Nordheim plots of high
conductance state (h) and low conductance state (i), respectively. The transition voltages for positive and negative polarities are marked out.

The insets show the corresponding I-V curve on a linear scale.

9,10 L .
such as electrostatic interactions. Here, our work

combines the STM-BJ measurements and symmetry-adapted
perturbation theory (SAPT) analysis to dissect and further
regulate the various intermolecular vdW interactions in a single

forces,

conjugated dimer junction. By monitoring the electrical
conductance state and energy component analysis, the
influence of different vdW interactions on the stability of
dimers is explored. Specifically, the dominant interaction
component of stable benzylamine dimers is regulated by
introducing an aminomethyl group into common benzene
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molecules. Furthermore, the investigation is extended to
higher-conjugated molecules, aiming to understand how the
vdW interaction components change with conjugation. Finally,
the effect of an electric field on the modulation of vdW
interactions and conductance states in the single-dimer
junction is examined.

Benzylamine (Figure Sla), which is a common precursor in
organic chemistry, is selected as a simple model system to
investigate the vdW interactions within molecular dimers,
denoted as B-NH, (Figure 1a). The unique composition of the
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Figure 3. Charge transport through suspended F-NH, molecular junctions. (a) Theoretical predictions for the total intermolecular vdW
interaction energy as a function of the distance between two F-NH, monomers in the parallel direction. (b) Energy difference for SAPT
components (electrostatics, induction, exchange and dispersion terms) as a function of the distance between two F-NH, monomers in the
parallel direction. (c) Calculated molecular energy levels and related molecular orbital diagrams of two stable states of F-NH, dimer. (d)
Schematic illustration of two stable states of F-NH, dimer in STM-B] measurements. (e) Theoretical transmission spectra of F-NH, dimer
with different stable states. (f) 2D conductance histograms of traces with the suspended retracting process under 0.1 V bias. (g)
Corresponding 1D conductance histograms of traces. (h) 2D I-V histograms of F-NH, junctions. (i) 2D dI/dV—V histograms of F-NH,
junctions. The yellow line represents the most representative current value from the Gaussian fitting.

molecule, featuring an aromatic ring and an aminomethyl
group, renders it to exhibit a weak dipole moment. It can be
observed that the intermolecular vdW interactions in benzyl-
amine dimers AE = Egor — 2E, nomer Vary with the distance
between the two N atoms Ryy (Figure 1b). Two stable
conformations with different stacking modes, Cy; and C;, are
found. To uncover the nature of the intermolecular vdW
interactions between molecules, SAPT analysis,””*® which
provides a robust energy decomposition into physical
components (ESAPT = Eelec. + Eindu. + Eexch. + Edisp.)) is
conducted (Figure S2 and S3). As shown in Figure lc, the
electrostatic component E which originates from the
permanent molecular dipole interaction, plays a dominant
role in generating the two stable conformations, while for pure
benzene dimer, the dispersion interaction would predom-
inate.””** The difference is due to the contribution of
aminomethyl group. To be noted, the curve of interaction
versus distance based on rigid scanning is smooth,*® while we
adopt relax scanning which gives less smooth curve but more
accurate and richer information in the SAPT calculation (see
the rigid scanning for comparison in Figure S4). The
overlapping map of electrostatic potential (ESP)”' provides
an intuitive and rigorous explanation for the preference of
dimer configurations, where the positive and negative parts of

elecs
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ESP regions of each B-NH, monomer overlap more with each
other in the two stable dimer configurations (Figure SS). The
induction part E 4, shows a similar but weaker effect as E
In contrast, the contributions of exchange and dispersion terms
Eeh, + Egyp, to the relative stability of dimer stackings are
nearly balanced out.

The two stable conformations of benzylamine dimer
induced by varied vdW interactions have distinct electronic
characteristics. Molecular frontier orbital analysis shows that
the energy gap of the stable dimer configuration with larger-
overlapped aromatic rings (C) is relatively larger, and vice

indu. elec.

versa (Figure 2a). Because electrical conductance of a single-
molecule junction is highly sensitive to its molecular
conformation, the theoretical simulations and STM-B] experi-
ments (Section S1) are combined to measure the conforma-
tional transition of benzylamine dimer (Figure 2b). Benzyl-
amine dimer junctions can be formed due to the strong
binding of each monomer with Au tip or substrate through the
—NH, anchor, so current flows through the dimer via
intermolecular interaction. The calculated quantum transport
properties of the benzylamine dimer junctions indicate over 1
order of magnitude difference of conductance for the two
stable dimer stackings (Figure 2c). The conductance of dimer
junctions is also experimentally measured as a function of tip—
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substrate displacement to generate conductance versus
displacement traces. Specifically, the single-dimer junctions
are formed and broken in the solution of 1,2,4-trichlor-
obenzene (TCB). In order to avoid the influence of
mechanical forces,”'> hovering experiments are performed to
obtain richer information about the interaction forces of stable
conformations. The tip is suspended during the retracting
process for 150 ms after the formation of molecular junctions
and collected ~10000 traces in different cycles. The typical
individual traces for the suspended molecular junction under
0.1 V bias are presented in Figure S6 and the conductance
features of integer multiples of G, (G, = 2 e*/h) can be
observed. After the Au atomic contact is broken, the
conductance shows rapid tunneling decay. Thousands of
such conductance traces are used to construct the conductance
histograms (Figure 2d). In addition, since the energy difference
between the two stabilized conformations (Figure 1b) is very
small, switching between the two states also occurs in the
hovering experiments, as shown in Figure S7.

Two distinct conductance peaks are observed from the two-
dimensional (2D) conductance histograms (Figure 2d) and
the one-dimensional (1D) histograms (Figure 2e). The high
conductance peak locates at ~#1.3 X 107> G, (~975.7 nS) and
the low conductance peak locates at 5.0 X 107* G, (~38.8
nS), whose differences are consistent with the calculated
transmission spectra. These results reveal that the high and low
conductance states (Gy and G) originate from the two
conformations of dimer (Cy and C), respectively. We
attribute these two conductance states, G and Gy, to different
stacking configurations of dimer junctions. This mechanism is
supported by previous studies on the benzenethiol” and 1-
methylimidazole dimer’” junctions. In order to exclude the
effect of the benzene ring in the TCB solvent on the
conductance, we did a hovering experiment of TCB without
the target molecule and found no obvious conductance peaks
(Figure S8). Furthermore, a B-NH, dimer locked by carbon
chains (Figure S1c) is introduced as a control system. Through
the suspended retraction process by STM-BJ experiments, the
B-NH, locked dimer junctions show conductance (Figure S9)
nearly identical to the C; state of B-NH, dimer junctions
(Figure 2d), corresponding to the configuration with two
locked benzenes stacking in parallel.

In addition, the current versus voltage (I-V) (Figure 2f) and
conductance versus voltage (dI/dV—V, where dI/dV is
calculated from the I/V data) (Figure 2g) characteristics are
investigated, too. Specifically, the I-V characterizations are
implemented by suspended junctions when the corresponding
conductance plateau is formed during the break junction
measurement and scanning the bias voltage from —1.0 to 1.0 V
with a step of 0.0005 V. The collected I-V traces are used to
construct 2D I—V histograms. The I—V measurements also
support two stable states in benzylamine dimer. Meanwhile,
from the Fowler—Nordheim plot (In(I/V?) versus 1/V), it can
be observed that the minimum value of transition voltage
spectra (TVS) of Gy is smaller than that of G, (Figure 2h,i).
This corresponds to the molecular orbital simulation results
that the highest occupied molecular orbital (HOMO) of the
Cy is closer to the Fermi energy level of the electrodes than C,
state (Figure 2a).

Modulating the conjugated degree of monomers can not
only regulate their own properties, but also affect the vdW
interaction of dimers. For example, a fluorene-centered
molecule named as F-NH, (Figure S1b) possesses more
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aromatic rings compared to benzylamine, and thus might have
stronger dispersion plus exchange interactions. Previous work
has performed the molecular interactions of fluorene dimer
through a combined rotational spectroscopic and quantum
chemical study and has proven that the fluorene dimer is
dominated by dispersion interactions.””> However, when the
aminomethyl group exists, the electrostatic and induction
interactions also get enhanced. The intermolecular vdW
interaction of F-NH, dimer as a function of the distance
between two monomers are shown in Figure 3a, representing
two stable dimer configurations. Compared to B-NH, dimer,
the binding energy of F-NH, dimer is stronger, and the
interaction of dispersion and exchange cannot be ignored. The
overlapping map of electrostatic potential (ESP) provide
intuitive and rigorous explanations for the stability of dimer
configurations, where the positive and negative parts of ESP
regions of each F-NH, monomer overlap more with each other
in the two stable dimer configurations than other config-
urations (Figure S10). It can be observed that all the
electrostatics, induction, exchange and dispersion jointly lead
to the two stable states (Figure 3b; Figure S11). The molecular
frontier orbital analysis shows different results with those of B-
NH, dimer that the energy gap and molecular orbitals of the
two stable configurations of F-NH, dimer are nearly the same
(Figure 3c). The charge transport of F-NH, dimer has also
been detected by a STM-BJ technique (Figure 3d) and
theoretical simulations (Figure 3e). Two conductance states
can be observed from the typical single trace (Figure S12), the
2D conductance—displacement histograms (Figure 3f) and the
1D histogram (Figure 3g) of the suspended F-NH, junctions.
Furthermore, the current versus voltage (I-V) (Figure 3h) and
conductance versus voltage (dI/dV—V) (Figure 3i) character-
istics also show the bistate feature. To further investigate the
origin of these differences, the transmission pathways at the
Fermi level are calculated. As shown in Figure S13, the C; state
of F-NH, dimer exhibits significantly greater reflection than
the Cy state, leading to a lower transmission coefficient and
therefore lower conductance. Specifically, the AE of C is
lower than Cy, which means that the low state of F-NH, dimer
is more stable, resulting in higher probability of low
conductance in break junction experiments (Figure 3a, g).
However, the occurrence probability of the two states of B-
NH, dimer is almost identical, probably because the energy
difference between the two states of B-NH, dimer is very small
(~0.0015 eV), while the two states of F-NH, dimer have a
large energy difference (~0.03 eV).

Previous studies have proven that electric fields can be used
to regulate the conductance of molecular dimers.'® Here, to
investigate the regulation of intermolecular vdW interaction by
an electric field, the bias dependent experiments on a
suspended F-NH, junction have been conducted (Figure
S14). In specific, the junction-forming probability of the low
conductance state is higher than that of the high conductance
state under a small bias voltage. As the bias increases, the
relative probability ratio of the high conductance state to the
low conductance state increases (Figure 4a), leading to a case
where the probability of the low conductance state is lower
than that of the high conductance state finally. This is
consistent with the theoretical calculated energy difference of
high and low conductance states under the electric field.
Specifically, the energy difference between high and low states
changes from positive to negative as the electric field increases
(Figure 4b). This means that as the electric field increases, the
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Figure 4. Regulation of vdW interaction of F-NH, dimer by an
electric field. (a) 1D conductance histograms at different
potentials of 0.1, 0.2, and 0.3 V. (b) Energy difference of the
theoretically calculated high- and low-conductance configurations
of F-NH, dimer, which varies with the electric field. (c) SAPT
component energy difference (AEg,py = Egppr (E > 0) — Egppr (E =
0)) of the two configurations of F-NH, dimer under different
electric fields. (d) Calculated electrostatic potential mapping of the
two stable states of F-NH, dimer without/under (Up/Bottom
panel) an electric field (E = 0.77 eV/A). The blue color represents
the positive charge, while the red color represents the negative
charge. ESP unit: Hartree/e.

high state becomes more stable than the low state, leading to
an increasing proportion of the high conductance state.
Furthermore, among the SAPT components, the dominant
force causing this case is the electrostatic force, which also goes
from positive to negative as the electric field increases (Figure
4c). This can be supported by the calculated electrostatic
potential mapping (Figure 4d) of the two stable states of F-
NH, dimer under an electric field. When the electric field is
applied, the calculated electrostatic potential mapping show
that the potential difference between the different parts of F-
NH, dimer becomes larger, illustrating that the contribution of
electrostatic interaction become more significant. In compar-
ison with F-NH, dimer, the conductance states of B-NH,
dimer show minimal changes with increasing bias (Figure S15)
as their relative energy difference remains negative and varies
only slightly (Figure S16).

In summary, we have investigated various intermolecular
vdW interactions of single-dimer junctions using a sensitive
STM-BJ technique in combination with SAPT analyses.
Through monitoring the electrical conductance and tailoring
the energy components, two stable conductance states in the
single-dimer junction are found, corresponding to the different
stacking configurations. Electrostatics and induction inter-
actions are the dominant forces controlling the formation of
the two stable states of benzylamine dimer, and the high
conductance state is more stable than the other. As the
molecular conjugation increases, the influence of exchange and
dispersion interactions enhances in a fluorene-centered dimer.
Furthermore, the electric field can be used to regulate the
conductance states and vdW interactions of the dimers. These
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findings offer valuable insights into comprehending, manipu-
lating and designing intermolecular vdW interactions that
influence the molecular stacking and assembly processes.
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