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Destructive quantum interference (DQI) leads to a decrease in the B [

conductance of certain well-documented molecules. Experimental observations have o

revealed both direct and indirect manifestations of DQ]I, although a comprehensive I "?: '? {r ";r ? II

understanding of the underlying causes of these distinct outcomes remains elusive. = 3\:&‘ VS ?;‘:93:‘;;\ »;:p.\‘v =

In both cases, DQI lowers the conductance, but only the direct case exhibits a T l”}

characteristic V-shaped dip in differential conductance. Currently, the direct £X b2 S %“&"t“

signature has exclusively been observed in monolayers and gated single-molecule ; {

systems. In this study, we employ density functional theory to elucidate a plausible B

explanation for the absence of a direct DQI signature in single molecules. c

Specifically, we attribute the direct DQI signature to a resonance shift induced by 2

intermolecular interactions, which are absent in the individual molecules. By IR ~

illustrating the impact of these intermolecular interactions, we emphasize the need £ EnergyI(IE_Ef)

for explicit treatment of intermolecular interactions when simulating monolayers.

quantum interference, self-assembled monolayer, conductance, density functional theory, charge transport.

suppressed conductance independent of line shape. This
contrast is illustrated in Figure le,f.

Similar to experimental observations, the DQI can also be
seen in calculated electronic transmission. In this context, DQI
manifests as a dip in the transmission spectrum, which can be
sharp or broad and may or may not be energetically aligned
with the electrode Fermi energy. The direct signature in dI/dV
will most clearly manifest in the case that DQI is leading to a
sharp dip near the Fermi energy (Figure la). As the sharpness
of the dip or the proximity to the Fermi energy decreases, the
line shape of dI/dV will change and the system will eventually

Over the last 15 years, destructive quantum interference
(DQI) effects have become accepted as an uncontroversial
characteristic of electron transport through some classes of
organic molecules, such as anthraquinone and oligo-
(phenyleneethynylene) derivatives.' ™

When present, DQI hinders the flow of electrons across the
molecule, resulting in the molecule exhibiting insulating
properties. Similar to the phenomenon of destructive
interference in water, DQI can be understood as a cancellation

of waves. Despite its widespread presence in the literature, we only exhibit an indirect signature (Figure 1d).

still do not completely understand how this effect manifests in One way to study DQI in molecules is through molecular

different molecular environments. conductance experiments. These experiments typically focus
In general, DQI in molecules is observed as a suppressed on either monolayers or single molecules, where the primary

conductance. In the most extreme case, complete suppression distinction lies in the number of molecules involved and,

of the conductance could occur; however, in practice DQI consequently, the resulting molecular environment. When

results in incomplete suppression of the conductance and some multiple molecules are present, the intermolecular interactions

low-level conductance is observed. In one of the earliest come into play alongside the inherent DQI exhibited by

experimental reports of DQI in molecules, Guédon et al.,* individual molecules.

described a “direct” signature of DQI as a V-shaped dip in the Several single-molecule experiments have demonstrated the

differential conductance (dI/dV). As also noted in that work, indirect signature of DQI as a general decrease in conductance

the absence of a V-shaped dip in dI/dV is not, however, an

indication that DQI is absent but rather that it only manifests July 19, 2024 Nanoscience B

in a less definitive way as suppressed conductance. To September 23, 2024

distinguish between different observations of DQI, here we September 24, 2024

employ the terms “direct” and “indirect”. The direct October 4, 2024

observation of DQI is characterized by the V-shaped dip in
the dI/dV, while the indirect observation merely presents as
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Figure 1. Illustration of transmission for the direct (a) and indirect
(b) signatures of DQI. The shift is caused by a change in the onsite
energies, from 0 eV in (a) to 1 eV in (b). (c,d) Corresponding dI/dV
graphs for the direct (c) and indirect (d) signatures of DQ],
respectively. a—d, was calculated using a Hiickel model, see Section S1
for further details. (e,f) Experimental conductance measurements of
AQ-MT (e) showing a V-shaped dip in the conductance associated
with DQIL. AQ-DT (f) exhibits a curve associated with either an
indirect or no signature of DQI. Both graphs represent logarithmically
binned histograms of dI/dV (in Q') versus bias voltage. (e,f) are
reproduced with permission from Guédon et al.* Copyright 2023
Springer Nature.

without any distinct features.””® In addition, Garner et al.”
observed the indirect signature of DQI in single molecules,
characterized by low conductance and high thermopower.
However, direct signatures of DQI in single molecules have
only been observed in experiments involving gated junc-
tions.'”'" The application of gating alters the molecular
environment, causing a shift of the DQI into the measurable
range. To the best of our knowledge, direct signatures of
quantum interference without gating have solely been observed
in ensemble junctions.”*'*”'® It is worth noting that although
an overall low conductance can result from various factors,
such as weak connections to the electrodes, a direct signature
holds particular importance in confirming the presence of the
DQL

To gain a deeper understanding of the origin of DQI in
experiments, theoretical calculations serve as a valuable tool.
Theoretically, DQI can be observed in calculations, similar to
experiments, as a V-shaped dip in the transmission spectrum,
as illustrated in Figure la. In 2014, Lykkebo et al.'” utilized the
Hiickel model to demonstrate that the interference feature in
the transmission spectrum of a single molecule can be shifted
by altering the onsite energy of the molecule. In these types of
calculations, the transmission around the Fermi energy is the
most important, as this region corresponds to what can be
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probed in experiments. To emphasize the significance of the
position of the dip in the transmission spectrum, Figure 1
presents a theoretical depiction of the transmission spectrum
and the differential conductance (dI/dV) with varying onsite
energies.

As shown by Lykkebo et al,, a shift in the onsite energy leads
to a corresponding shift of the V-shaped dip in the
transmission. This is illustrated by a Hiickel model calculation
example in Figure lab (see Section S1 for further details). In
Figure la, the dip aligns with the Fermi energy (0 eV), while,
in Figure 1b, it occurs at a higher energy. Examining Figure
lc,d, the plots of dI/dV reveal that only a dip close to the
Fermi energy (Figure la) results in a V-shaped dip in dI/dV/
(Figure 1c). By manipulating the onsite energy of the molecule
in Hiickel calculations, it is possible to shift the interference
feature into the measurable range. This example illustrates the
distinction between indirect and direct signatures of DQI.
Indirect signatures exhibit a dip far from the Fermi energy,
while direct signatures feature a dip in the transmission
spectrum located at or near the Fermi energy, leading to a dip
in the dI/dV. Given our understanding of how DQI can be
observed, the question arises as to why the direct signature of
DQI has only been detected in monolayers in ungated
experiments.

In this study, we focus our investigation on a set of
molecules with cross-conjugated and linearly conjugated
structures, namely, anthracene-dithiol (AC-DT), anthraqui-
none-dithiol (AQ-DT), and anthraquinone-monothiol (AQ-
MT), depicted in Figure 2. Previous experimental studies” have
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Figure 2. Chemical structures of the molecules included in the study;
two cross-conjugated molecules: dithiolated anthraquinone and
monothiolated anthraquinone (AQ-DT, AQ-MT) and one linearly
conjugated molecule: dithiolated anthracene (AC-DT).

revealed both indirect and direct signatures of DQI in AQ-DT
and AQ-MT, respectively. Given that these molecules possess
DQI as single entities due to their cross-conjugated nature,'®
they serve as excellent candidates for exploring the influence of
intermolecular interactions on DQI.

To begin our study, we utilized a simple model based on
Hiickel theory. Since direct si%nature of DQI has only been
observed for monolayers”'>~'® and gated single-molecule
experiments,' " it is likely that molecular interactions play a
role in determining whether there is a direct or indirect
signature of DQI. To investigate this further, we employ a
Hiickel model that incorporates two ethene molecules, either

https://doi.org/10.1021/acsnanoscienceau.4c00041
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Figure 3. A schematic of the two-molecule linear and cross-conjugated tight-binding model systems, illustrating the various interactions. (a) Two
cross-conjugated 2 site molecules. (b) Two linearly conjugated 2 site molecules. a represents the onsite energy. Arrows indicate the interactions,
where 8 denotes the overlap integral between neighboring sites, and a and b represent the intermolecular interaction integrals. V corresponds to the
coupling to the electrode, and J is a single parameter that characterizes the through-electrode intermolecular interaction. It should be noted that &
does not correspond to a simple overlap integral. The intermolecular interactions are highlighted with red dashed arrows.

cross-conjugated (resulting in DQI) or linearly conjugated
(resulting in no DQI), coupled to leads.

The choice of molecules for the model system is primarily
aimed at maximizing simplicity while retaining the capability to
model molecular interactions effectively. The minimal model
for a cross-conjugated system, like the AQ family of molecules,
is two sites where one site is connected to both electrodes and
the other is connected to neither as in Figure 3a. The minimal
model for a comparative linearly conjugated system is two sites
where each site is connected to a single electrode, as shown in
Figure 3b. To probe the effects of intermolecular interactions,
we need to consider the different ways these two sites can
couple to neighboring molecules. Consequently, it is essential
to include two molecules in the model. In this setup, both
molecules are connected to the leads. If we imagine these to be
models of organic molecules, we could consider these to be
ethene molecules connected directly to the leads.

Figure 3 depicts a schematic representation of the cross-
conjugated system (Figure 3a) and the linear system (Figure
3b). All interactions included in the models are shown as
arrows, where « is the onsite energy, f is the overlap integral
and a and b are the intermolecular interaction integrals,
highlighted as the red dashed arrows. In the model, each alpha
corresponds to a carbon atom in the ethene molecules. Since
each ethene molecule consists of two carbon atoms, there are
two alphas in both cases. In the linear setup, each carbon in the
ethene molecule is connected to one lead. However, in the
cross-conjugated setup, only one carbon in each ethene
molecule is connected to both leads

The Hamiltonians of the molecules in the two configurations

are identical, and read
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p

QT ™ R
St 8 R
R s =
R X & =

p (1)
where a is the onsite energy, f is the overlap integral between
neighboring sites, and a and b are intermolecular interaction
integrals. Within a coherent tunneling formalism, the zero-bias
transmission through a molecular wire at zero temperature is
given as

T(e) = Tr{I''G(e)TG'(¢)} 2)
Here, the retarded Green’s function, G(g), is defined as
i, b Ry-l
Gle)=[eI-H+ —TI"+ T
(e) =1 S T 3)

Where ¢ is the energy and I is the unit matrix. [*and I'®
describe the broadening of the molecular resonances caused by
the coupling to the leads, V. Additionally, we consider the
inclusion of through-electrode intermolecular interaction,
represented as J. Yaliraki and Ratner'’ have demonstrated
that this interaction has an impact on the conductance when
the molecules are in close proximity to each other, specifically
at a distance equivalent to the unit lattice distance. The self-
energies for the cross-conjugated model system (Figure 3a)
read

<N

r‘r=rk=

5 © ©
[=EN e NN
[=EN e NN

[N Re%)

v (4)
and for the linearly conjugated model system (Figure 3b),
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The total current through the system can then be calculated as

2e o
=2 [ aelf, - T ©

I —
h
where[f; — fz] refers to the Fermi Dirac distribution for the
left and right electrode and T(¢) is the zero bias transmission
shown in eq 2. From the total current, the zero-bias differential
conductance can also be obtained by differentiation with
voltage (see SI for further details).

The transmissions for the two models, considering different
parameter choices, are depicted in Figure 4. To gain a deeper
understanding of these results, it is necessary to examine the
molecular systems in detail. The Hamiltonian has the following
eigenvalues:

g=a+p—-b+a,
g=a+p+b-aq
e=a—f—b—a,
g=a—-p+b+a (7)

Examining the eigenvalues provides insight into the energetic
locations of the resonances in the transmission spectrum. The
eigenvalues exhibit a splitting of both the occupied orbitals, &,
and &,, as well as the unoccupied orbitals, £; and &,, when
intermolecular interactions a and b are taken into account. As
the values of a and b approach zero, the eigenvalues become
degenerate pairs, indicating the behavior of two noninteracting
molecules. This observation highlights the influence of
intermolecular interactions on the electronic structure and
the resonance behavior in the system.

Figure 4 presents the transmission for the linearly
conjugated model systems (Figure 4a,b) and the cross-
conjugated model system (Figure 4c). Both model system
calculations were performed with f as —2.7 eV and « as 0 eV.
The colors in the figure indicate the degree of interaction
between the two molecules. The black dashed-dotted line
corresponds to no interaction (a, b = 0 eV, 0 eV), representing
two isolated single molecules (SM). The purple dashed line
represents weak interactions (a, b = —0.1 eV, —0.05 eV),
resembling two molecules with weak intermolecular inter-
actions, while the orange solid line indicates strong interactions
(a, b = =02 eV, —0.1 eV), resembling two molecules with
strong intermolecular interactions. The purpose of illustrating
weak (purple) and strong (orange) interactions is to show a
sparsely packed monolayer (M) and a densely packed
monolayer (DM), respectively.

The transmission through the linearly conjugated ethene
system (Figure 4ab) reveals a splitting of the molecular
resonances when the coupling to the electrodes is set to a
sufficiently small value, V = —0.2 eV, and & = 0.0 eV* (Figure
4a). However, when the coupling is strengthened to V = —1.0
eV and § = 02 eV? the molecular resonances become
broadened, resulting in the disappearance of peak splitting
(Figure 4b). Similar behavior can be observed for the resonant
characteristics of the cross-conjugated ethene model system
(see Figures S2 and S3). This observation aligns with the
findings of Obersteiner et al,”” who previously reported the
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Figure 4. Energy-dependent zero-bias transmission for the linearly
conjugated (a,b) and cross-conjugated (c) model systems in a
strongly coupled configuration (b,c) and a weakly coupled
configuration (a). The colors indicate whether the two molecules
are non-interacting (black dashed—dotted line), corresponding to two
isolated molecules, weakly interacting (purple dashed line),
corresponding to a sparse monolayer, or strongly interacting (orange
solid line) corresponding to a dense monolayer. The transmission in
(c) is plotted on a logarithmic scale to highlight the effects on the
antiresonance.

splitting of molecular resonances in clusters comprising only
two molecules.

The linearly conjugated system cannot give us any indication
of the effects of intermolecular interaction on DQJ, however, in

https://doi.org/10.1021/acsnanoscienceau.4c00041
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Figure 4c, a noticeable dip in conductance at the Fermi energy
is apparent for the cross-conjugated system.

In these model system calculations we can solve for values of
energy (E) where the transmission goes to zero, and find it is
purely real for noninteracting molecules in the junction.
However, when we include intermolecular interactions in the
Hamiltonian and self-energies, this solution becomes imagi-
nary. Depending on the strength of the interaction, the
transmission zero moves deeper into the complex plane, and
consequently, the dip on the real axis becomes less pronounced
(For further information, see SI). We note here that it would
be interesting to have a physical interpretation for this result,
but at this stage, we only have a mathematical observation.

From these calculations we conclude that both a depth
reduction and shift of the antiresonance could be observed
when intermolecular interactions are present. The shift in the
destructive interference feature occurs due to a change in the
relative positions of the HOMO and LUMO at different
interaction strengths, which is a consequence of the
asymmetric shift of the resonances.

Up to this point, the model has not taken into account any
electrostatic interactions, and therefore, no uniform resonance
shifts across the full spectrum have been observed. In actual
molecular junctions, electrostatic effects arise from local
dipoles associated with the linker groups, leading to changes
in the local electrostatic environment.”' To incorporate this
effect into the model, the on-site energies, denoted as @, can be
shifted. This shift in a results in a corresponding shift in the
transmission spectrum, as depicted in Figure Sa. Here, the
transmission of the dense monolayer is plotted for different o
values: 0.0, 0.5, and 1.0. It is worth noting that the shift in
transmission and the position of the antiresonance significantly
influence the line shape of the conductance, as demonstrated
in Figure Sb. When an antiresonance in the transmission
approaches the Fermi level, a sharp dip in the conductance
occurs. The magnitude of this conductance dip depends on the
depth and location of the antiresonance in the transmission,
given that the conductance is calculated based on the
transmission at the Fermi energy.

Following the model system, we extended our investigation to
include three conjugated molecules, namely, AQ-MT, AQ-DT,
and AC-DT, which were incorporated into an Au—molecule—
Au junction (Figures S4 and SS). Our interest was focused on
understanding how the interactions between these molecules
would impact the electronic transmission. To guide our study,
we drew inspiration from the work conducted by Obersteiner
et al.”® They investigated charge transport through molecular
clusters that do not exhibit interference and observed a highly
nonlinear current behavior as the clusters increased in size.
They attributed this behavior to the collective electrostatic
effects originating from the dipoles associated with the binding
groups. Their work emphasized the significant influence of the
transition from a single molecule to a cluster on the overall
current. Motivated by their findings, we probe the impact of
intermolecular interactions on the transition from single
molecules to monolayers in systems with DQL

We calculate the transmission for various junction
configurations, ranging from a single molecule (SM) to
clusters consisting of 4 (C4), 6 (C6), and 9 (C9) molecules
as well as dense monolayer (DM) and sparse monolayer (M)
configurations. For the monolayer calculations, we treated the
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Figure 5. Energy-dependent zero-bias transmission (a) and
corresponding dI/dV curves (b) for the cross-conjugated model
system. The calculations are performed at different onsite energies:
0.0, 0.5, and 1.0. The figure emphasizes the sensitivity of dI/dV to the
position and depth of the antiresonance in the transmission. The I-V
traces are calculated from the energy-dependent zero-bias trans-
mission function according to eq 6, and the dI/dV traces are obtained
from differentiation of the I-V curves.

system as one molecule within a small unit cell and applied
periodic boundary conditions. Additionally, we conducted
calculations for a sparse monolayer junction with 4 molecules
included explicitly in the unit cell, representing the same
density as the one-molecule sparse monolayer configuration.

Figure 6 provides an illustration of the different junction
configurations with the top electrode removed for clarity. The
dots in the figure indicate the positions of the binding group,
while the lines represent the size of the unit cell for each
junction configuration. In Figure 6a, the solid red line
represents a densely packed monolayer consisting of a single
molecule on a 2 X 2 Au FCC(111) electrode. In addition, the
dotted red line represents a sparse monolayer, consisting of
one molecule on a (3 X 3) Au FCC(111) electrode. For the
single molecule and cluster configurations, we modeled the
systems with 1 (4, 6, or 9) molecule(s) on a (9 X 9) Au
FCC(111) electrode.

The molecules in the junctions are positioned at every
second FCC hollow sites, resulting in a distance of $.77 A
between the sulfur atoms of neighboring molecules. This
arrangement leads to different molecular coverages for each

configuration: SM (single molecule) has a coverage of %, C4

https://doi.org/10.1021/acsnanoscienceau.4c00041
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Figure 6. Illustration of the different junction configurations. The top gold electrode is removed for clarity. The black dots represent a molecule
location, while the dotted/solid lines represent the different electrode size. If no line is present, the electrode is the size of the entire Au surface. The
single molecules and clusters are all added to a 9 X 9 Au electrode. The following configurations are depicted: (a) Single molecule (SM) and dense
(DM)/sparse (M) monolayer. The single molecule electrode is shown as a dotted black line. The dense and sparse monolayer electrodes are the
solid and dotted red line, respectively. The single molecule is on a 9 X 9 Au electrode, whereas the sparse and dense monolayer consists of a single
molecule on a 2 X 2 and 3 X 3 Au electrode, respectively. (b) Four-molecule cluster (C4) and four-molecule monolayer (C4M): The electrode of
the C4 monolayer is indicated by a dotted line (5 X S Au electrode). (c) 6 molecule cluster (C6). (d) 9 molecule cluster (C9).

(cluster of 4 molecules) has a coverage of %, C6 (cluster of 6
molecules) has a coverage of %, and C9 (cluster of 9

molecules) has a coverage of %. It is worth noting that our

chosen molecular coverage differs from that used by
Obersteiner et al, as they employed a smaller electrode,
which resulted in closer proximity of the molecules in their
junctions. Illustrations of the molecular density for SM, C4,
C6, and C9 can be found in Figure 6a—d, respectively.

To simulate a sparse monolayer junction with 4 molecules
(C4M), we selected a (5 X 5) Au FCC(111) electrode with 4
molecules in the junction. This choice was made to mimic the
density of the single-molecule sparse monolayer. From this
point onward, we will refer to this configuration as the C4
monolayer (C4M). Further details regarding the calculation
setup can be found in Section S2).

To investigate how the molecular environment affects the
transmission, we calculated the transmission per molecule for
each junction configuration, ranging from a single molecule to
a dense monolayer. We were particularly interested in
examining the impact of the electrostatic interactions, which
we knew from the model system would result in a resonance
shift. The results of these calculations are presented in Figure
7. In each plot, the triangular marks show the lowest
transmission value for each system, and a vertical line is
included to highlight their position on the energy axis. The
corresponding transmission spectra for each junction setup are
shown in the same colors but faded in the background. For the
linear-conjugated molecule AC-DT (Figure 7a), no DQI
features are observed in the transmission. This aligns with our
expectations based on the model system. In contrast, when
examining the cross-conjugated molecules AQ-DT and AQ-
MT (Figure 7b,c, respectively), DQI features are observed in
the transmission spectra, and they are shifted toward higher
energy with intermolecular interactions. These observations
are consistent with our model system predictions. We cannot
definitively determine why the energy of the single molecule
junctions exhibits an antiresonance at a specific position.
However, we can assert that the energy of the system is
influenced by intermolecular interactions, which become
apparent when more molecules are added to the junction.
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The transmission decreases going from AC-DT to AQ-DT
and further to AQ-MT. This reduction in transmission is first
due the absence/presence of DQI but can be partially
attributed to the variations in the binding groups utilized.
AC-DT and AQ-DT both feature sulfur (S) as the binding
group on both sides of the molecule, and it is widely
acknowledged in the literature that sulfur and gold exhibit a
strong interaction.”” On the other hand, AQ-MT incorporates
a sulfur binding group on one side and a hydrogen atom on the
other side, resulting in weaker coupling between one side of
the molecule and the electrode.

While the difference in binding group contributes slightly to
the change in transmission, the primary factor contributing to
the overall decrease in transmission is the presence of DQI. In
addition to the evident dip in the transmission spectrum, DQI
further diminishes the transmission compared with that of the
linearly conjugated molecule.

First, examining the magnitude of the transmission per
molecule for the cross-conjugated molecules AQ-DT and AQ-
MT, we see that both the single molecule (SM) and the sparse
monolayer (M) exhibit similar low levels of transmission at
their minima (triangles). Given this similarity in minimum
transmission levels and the absence of intermolecular
interactions in a single molecule, it suggests that the primary
factor responsible for the dip shift lies within the molecular
environment.

Since we cannot entirely dismiss the possibility of electrode
effects, we calculated the electrostatic difference potential
(EDP) (see Supporting Information). This calculation allows
us to examine how the charge rearrangement in the junction
changes the potential. We do observe a charge rearrangement
at the electrode—molecule interface, with the molecule
becoming increasingly negatively charged as the number of
molecules in a cluster or the density of the monolayer
increases. These types of charge rearrangements will certainly
result in orbital energy shifts, although we cannot quantify to
what extent this affects the shift of the interference feature. We
emphasize that the electrodes are periodic for all systems, with
additional gold atoms added for the cluster calculations to
minimize cluster—cluster interactions. Essentially, the cluster
calculations represent dilute monolayers of clusters.
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Figure 7. Energy-dependent zero-bias transmission spectra for each
molecule: AC-DT (a), AQ-DT (b), and AQ-MT (c), calculated with
DFT. In each spectrum, the marks highlight the lowest point of
transmission. Additionally, the shifts in the transmission features are
emphasized by vertical dashed lines, providing visual cues for the
changes in the transmission characteristics.

To further investigate the effect of the molecular environ-
ment, we can examine the calculations for the C4 monolayer
(C4M), which represents a molecular density equivalent to
that of a sparse monolayer (one molecule on a 3 X 3 Au
electrode). If the complete influence of the molecular
environment is accounted for in the sparse monolayer (M),
the transmission spectra of the sparse monolayer (M) and the
C4 monolayer (C4M) should be identical. Conversely, if the
two curves diverge, it would indicate a deviation due to the
molecular environment.

In Figure 7b (AQ-DT), the inset provides a magnified view
of the transmission spectra for the four-cluster (C4), C4
monolayer (C4M), sparse monolayer (M), and dense
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monolayer (DM) configurations. This illustration serves to
highlight that the C4 monolayer (C4M) and sparse monolayer
(M) are not identical. This disparity indicates that when
modeling a monolayer with a single molecule and periodic
boundary conditions (M), some information regarding
molecular interactions is lost. Furthermore, the 4 cluster
(C4) and C4 monolayer (C4M) possess the same features.
The resonance is merely shifted as a result of the change in the
molecular environment when we shift from a small cluster of
molecules to a monolayer junction.

The dense monolayer (DM) exhibits a transmission curve
that resembles the clusters but with a higher overall
transmission. In the case of AQ-MT (Figure 7c), the dense
monolayer (DM) also undergoes a further energy shift upward.
This suggests that unsurprisingly, the dense monolayer (DM)
experiences stronger interactions with the surrounding
molecules compared to the sparse monolayer (M). However,
whether the molecules would pack together so densely in an
experimental scenario remains to be determined. These
findings emphasize the critical importance of simulating
junctions as accurately as possible when considering
intermolecular interactions. By capturing the realistic molec-
ular environment, we can obtain a more comprehensive
understanding of the transmission behavior and its dependence
on molecular packing.

It is important to note that the atomistic calculations do not
allow us to distinguish between electrostatic effects and
screening effects from neighboring molecules. Therefore, it is
challenging to definitively conclude whether screening plays a
role in the observed DQI without further investigation or
experimental validation. However, it is worth noting that even
if screening does influence DQ], its impact ultimately stems
from the molecular environment.

To establish a comparison with experimental measurements,
we focused on calculating the differential conductance based
on the transmission at the Fermi energy for both the single-
molecule (SM) and the C4 monolayer (C4M) of AQ-DT and
AQ-MT. Figure 8 illustrates the transmission (Figure 8a) and
the corresponding differential conductance (Figure 8b) for
AQ-DT and AQ-MT. As observed, similar to the model
system, the C4 monolayer (C4M) exhibits a dip in both the
transmission near the Fermi energy and the differential
conductance. Conversely, the single molecule (SM), which
displays a sharp dip at lower energies in the transmission, does
not show a corresponding dip in the differential conductance.
These results highlight the significance of the DQI position
within the transmission spectrum in determining whether a
clear direct signature of DQI is experimentally observed in the
differential conductance.

It is crucial to acknowledge the caveats regarding the
molecular environment. This could arise from using a single
molecule calculation to interpret a monolayer experiment,
uncertainties in monolayer density or packing, or the potential
influence of additional molecules on what would be considered
a single molecule. In all cases, the exact energetic position of
the antiresonance dips cannot be known precisely, and the
correspondence between theory and experiments must be
interpreted accordingly. However, by analyzing trends present
in the calculations, we can gain valuable insights into the
behavior of different molecules.
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Figure 8. Zero-bias transmission spectra of AQ-DT (solid line) and
AQ-MT (dashed line) in both single molecule and C4 monolayer
junction configurations (a). The color scheme distinguishes between
the calculation performed on a single molecule (SM, indicated by
orange) and a C4 monolayer (C4M, indicated by black). Simulated
dl/dV traces (b) were calculated from the zero-bias transmission
function. These dI/dV traces are obtained through differentiation of
the integrated transmission function, as specified by eq 6.

This work presents a comprehensive investigation of a group of
molecules with and without DQI and the role of
intermolecular interactions in controlling the observed trans-
port properties. The key findings emphasize the influence of
the molecular environment on the presence and manifestation
of DQI. Shifting from single molecules to monolayers, which
alters the molecular interactions within the junction, can lead
to a shift of an antiresonance toward higher energy. This
explains why single molecules may not exhibit a direct
signature of DQI in experimental measurements even if this
is observed in monolayers measurements. Additionally, the
study highlights the significance of considering intermolecular
interactions in simulating junctions. The results demonstrate
that the transmission can be significantly impacted when
transitioning from a one-molecule junction to a junction with
four molecules while maintaining the same molecular density
and applying periodic boundary conditions. By advancing our
understanding of how intermolecular interactions affect
properties, such as DQ], this work provides guidelines for
best practice for calculations of monolayer experiments and the
interpretation of agreement, or lack thereof, between
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calculations, single-molecule experiments, and monolayer
experiments on the same molecule.

The calculations were conducted by using density functional
theory (DFT) combined with the Greens function approach
and the Landauer formula to determine the transmission and
conductance. QuantumATK (version $-2021.06-SP1)**7*°
was employed for these calculations, utilizing the GGA PBE
functional.”**” A double-{ basis set (with a single-{ on Au)
and polarization functions on all molecular atoms were used
along with periodic boundary conditions. Additionally, non-
covalent interactions were accounted for by incorporating the
Grimme DFT D3 dispersion correction.”® Further details
regarding the calculations can be found in the Supporting
Information.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.4c00041.

Atomistic calculations details. Additional model system
calculations, including figures of the cross conjugated
system strongly coupled, the cross conjugated system
weakly coupled, and the linear conjugated system
strongly coupled (on a logarithmic scale). Explanation
of the differentiation of the total current. Calculated
energy at the transmission minimas of the model system.
Electrostatic difference potential (EDP) (PDF)
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