Cooperative self-assembly of dimer junctions driven
by m-stacking leads to conductance enhancement
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ABSTRACT: We demonstrate enhanced electronic transport through dimer molecular junctions
which self-assemble between two gold electrodes in n-n stabilized binding configurations. Single
molecule junction conductance measurements show that benzimidazole molecules assemble into
dimer junctions with a per-molecule conductance that is higher than in monomer junctions.
Density functional theory calculations reveal that parallel stacking of two benzimidazoles between
electrodes is the most energetically favorable due to the large  system. Imidazole is smaller and
has greater conformational freedom to access different stacking angles. Transport calculations
confirm that the conductance enhancement of benzimidazole dimers results from the changed
binding geometry of dimers on gold which is stabilized and made energetically accessible by
intermolecular n-stacking. We engineer imidazole derivatives with higher monomer conductance
than benzimidazole and large intermolecular interaction that promote cooperative in situ assembly
of more transparent dimer junctions and suggest at the potential of molecular devices based on

self-assembled molecular layers.

TEXT: Creating conductive and tunable single molecule devices remains the long-term challenge
of molecular electronics.! Efforts to engineer the electronic structure of molecular junctions have

focused on leveraging synthetic control to create molecules with desired functionality.> Typically,



molecules with pre-designed components are synthesized and then introduced into the junction,

where they can bridge two electrodes through a pair of substituent linker groups.*

An alternative approach is to design molecular components which can rearrange and self-
assemble into novel molecular structures in the junction.”” For example, imidazole (Im)—a
conjugated five-member heterocycle—can become deprotonated to imidazolate in the junction
environment and then bridge gold electrodes to form Im-gold bridges.®>!%!2 Other work shows
that intermolecular interactions can be harnessed to create new junction structures.'*'> For
example, researchers have synthetically manipulated n—m coupling between oligo-phenylene-
ethynylene (OPE) molecules to achieve junctions with through-space transport,'® quantum
interference,!” and environmental controls.'® Additionally, other conjugated molecules containing
multiple n-m stacked units were observed to demonstrate a significant increase in conductance due

to constructive quantum interference.!”!”

Here, we demonstrate that intermolecular van der Waals interactions like - stacking can
drive cooperative binding of several molecules between metal electrodes and promote the
formation of molecular dimer junctions with enhanced conductance per molecular unit. We show
that benzimidazole (BI), a larger heterocycle containing an Im fused to a benzene shown in Figure
la, assembles to bridge two gold electrodes upon deprotonation just like the Im in Figure 1b
reported previously. Unlike Im, BI creates junction structures with multiple conductance peaks
which are not integer multiples of a monomer junction, but display a higher conductance per
molecule. Density Functional Theory (DFT) calculations show that van der Waals intermolecular
interactions between the aromatic BI molecules stabilize the n-n stacked BI dimers over other
molecular arrangements in the junction and that intermolecular binding energy is ~20 times kgT.
In contrast, the Im dimer binding energy is much less sensitive to relative orientation between the
molecules. Transport calculations show that energetically preferred BI dimer junctions are
stabilized by intermolecular interactions in a junction conformation with higher conductances per
molecule than monomer junctions. We demonstrate how we can tune this cooperativity effect and
overall junction conductance through synthetic substitution of Im derivatives by designing a
phenyl-substituted Im with increased intermolecular interactions which assemble into more

transparent dimer junctions than either BI or Im. Overall, this work demonstrates a new self-



assembly approach which leverages intermolecular interactions to achieve molecular junctions

with improved electronic properties.

We perform Scanning Tunneling Microscope Break Junction (STMBJ) measurements
using a home-built setup as previously described.?’?? Briefly, we bring two gold electrodes into
contact and then record a conductance trace while the electrodes are retracted under constant bias.
Sample traces are shown in Figure S1a. 2D histograms constructed out of at least 5000 such traces
collected in the presence of BI and Im without data selection are shown in Figure la and b
respectively.?* By binning the conductance only, we obtain 1D histograms, shown in Figure lc,

where molecular signatures appear as distinct conductance peaks.

We note that the conductance signatures observed for BI are similar to those of Im,
published previously.®!? In earlier work, the low conductance peaks (LG) have been attributed to
in situ assembly of extended structures in the junction.®!° In this work, we focus on the high
conductance region (HG) boxed in green in Figure la-c. Several distinct features labeled as G1-3
are present both in the Im and BI histograms in the HG region. We observe that the length of these
features in the 2D histograms (Figures la-b) is very similar for both molecules and strongly
suggests identical binding geometries are responsible for formation of these molecular junctions

with BI and Im.

In addition, we observe that BI only forms junctions in neutral to basic conditions, as has
also been previously reported for Im.%!!->* This result indicates that deprotonation of the BI at the
nitrogen linkers is required for junction formation. The similarity of pH-dependent conductance
signatures for BI and Im establishes that the same binding mechanism is responsible for the HG
peaks of both molecules. We conclude that BI bridges the gold electrodes by binding through the
nitrogen lone-pairs of deprotonated molecules as has been previously found for Im. The HG
conductance signals from Im and BI are attributed to monomer (G1), dimer (G2), and trimer (G3)

junction formations.
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Figure 1. a) 2D histogram of benzimidazole.Top inset: We fit the 1D histograms with a sum of three
Gaussian fits to obtain G1-3 conductance values for BI. Bottom inset:Chemical structure of
benzimidazole. b) 2D histogram of imidazole; inset: chemical structure of imidazole. ¢) 1D histogram of

benzimidazole (blue) and imidazole (red). Green dash box contains the conductance region of interest in

this work.
G1 (Gyp) G2 (Gyp) G2/G1 G1 (Gyp) G2 (Gyp) G2/G1
Im 1.96x102 | 4.08x102 | 2.08 BI 1.14x102 | 2.62x102 | 2.30
2Melm 1.97x10% | 4.36x10% | 2.21 2MeBI 1.31x1072 | 2.94x102 | 2.24
2PhIm 2.07x102 | 4.94x102 | 2.38 2PhBI 1.30x102 | 2.79x102 | 2.16

Table 1. List of measured conductance histogram peak values and their ratios of molecules studied. Each
entry in Table 1 is an average of at least 4 experiments conducted on different days with a minimum of
5000 traces collected per experiment. The standard error is less than 1%, and the day to day variation in

G1-3 peak positions is less than 3% (see SI Table S1 for details).

We fit the 1D histograms with a sum of three Gaussian fits to obtain G1-3 conductance
values for BI. Results from four experiments are averaged and summarized in Table 1. Im fitting
results using a similar protocol have been published previously and are reproduced in Table 1.3

Interestingly, we observe that the conductance of the monomer peak (G1), is lower for BI than for



Im; we measure 1.1x1072 Go and 2.0x102 Go, for BI and Im respectively. G2 peaks of Im junctions
occur at multiples of the Im G1 conductance value, which is expected for molecules binding in
parallel to create two uncoupled conductance channels. This is reflected in the G2/G1 conductance
ratio for Im junctions which is ~2 in Table 1. Notably, in BI junctions, comparing the conductance
of G1 and G2 peaks, we observe a ratio G2/G1 equaling 2.3. These results indicate that the
conductance of 2 molecules of BI bound in parallel in the junction is more than double the
conductance of a single BI monomer by a significant margin. We note that this is different from

2526 or atomistic calculations and experiments,*’

previous work, both in early model approaches,
which reported increased conductance in double-backbone molecules. While in those cases the
origin was the spectral properties of two molecular structures coupled to the electrodes through
the same linkers, here, as we show below, the increased per-molecule conductance is due to more

transparent geometries induced by the dimer assembly.

To understand these conductance trends and the source of conductance enhancement in
dimer junctions, we turn to DFT atomistic calculations. We use the SIESTA?® and
TRANSIESTA?® packages including van der Waals interactions in a self-consistent description®”
to calculate the structure and conductance of BI and Im junctions (technical details of the
calculations are presented in the SI). We build neutral junctions where BI and Im molecules form
chemical bonds to the electrodes through Au trimer structures on the (111) surfaces. Each molecule
in the simulations establishes a strong Au-N bond to each electrode. The calculated binding energy
of individual molecules at the junction is -2.71 eV (BI) and -2.40 eV (Im) (see Supporting
Information Table S2). These values are about double and ~30% larger than amine and pyridine
linked molecules, respectively, and are supported experimentally by the relatively longer
molecular features observed in 2D histograms in Figure la and b than would be expected for
similar length amine alkanes, for example.*!*? This result is consistent with the deprotonation of
N atoms in BI and Im, where the charge on the molecule reinforces the binding to gold through

image-charge interactions as has been previously shown. %123
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Figure 2. a) Unit cell used in the simulations to probe the angular dependence of the total energy in Im and
BI junctions with two molecules. b) Total energy (relative to the minimum value of each species) as a
function of the relative angle between both molecules, calculated for two Im (red) and two BI (blue)
molecules adsorbed on the same tip structures. The inset illustrates the relative angle 6 from a top view of

the molecules and tip structures.

We first investigate the energetics of BI and Im dimers at the junction. Since van der Waals
distances between conjugated molecules are comparable to the Au-Au nearest-neighbor separation
(~3.0 A), we build junctions where two molecules are bonded to the same tip structures. For this
reason, we use trimer motifs in the structure and electron transport simulations. Figure 2a
illustrates the unit cell used in the energy profiles, consisting of both molecules bonded to trimer
structures and three Au(111) layers. To study the structure of the dimers, we scan the relative angle
between both molecules. We constrain the position of all C and N atoms in each molecule such
that these atoms can move rigidly but cannot rotate around an axis, leaving the relative angle
between the backbones, 0, fixed.>* H atoms, as well as Au tip atoms, are allowed to move

unconstrained.

Figure 2b shows the relative total energy of the junction as a function of 6 for BI and Im
dimers. Zero energy represents the most stable configuration for each species. In both cases, the
most energetically favorable conformation is found when the molecules in the dimer adopt a
parallel orientation (6 = 0 deg). There, both conjugated backbones are parallel and & stacking is
maximized.>> At negative values of 0, the molecules are close to each other and repulsion of
electron clouds dominate. In the positive range, as 6 increases, attractive intermolecular interaction

is reduced as the conjugated systems are rotated away from coplanarity and the energy increases.

6



Fig. S3 shows that van der Waals dispersion interactions are largely responsible for this
intermolecular attraction in BI dimers. Both systems exhibit a second, local, minimum at large
values of 6. For BI (Im) dimers, this happens at 6 = 110 deg (140 deg), and it is around ~0.4 eV
(~0.15 eV) less favorable than the parallel arrangement. A fully relaxed geometry optimization,
with no constraints, of the antiparallel orientation finds that BI and Im dimers at the junction also
exhibit a local minimum in this configuration but in both cases, this is less favorable than the
parallel arrangement by 0.26 and 0.05 eV respectively. These relative differences found at the
junction are consistent with the values found for gas-phase dimers (see Supporting Information

Table S3 and Figure S2).

To summarize, calculations indicate that in BI dimers, the most likely configuration at the
junction is overwhelmingly one where the molecules are arranged in parallel. In contrast, in Im
dimers the energy profile is less sensitive to the relative angle between Im molecules. We conclude
that Im dimer junctions are significantly more likely to explore geometries with large relative

angles than BI.

Having established the most likely relative orientations of Im and BI dimers, we now turn
to electron transport simulations. We determined the most energetically favorable orientation of
single Im and BI molecules at the junction without any constraints and performed electron
transport calculations on optimized geometries. Figure 3a compares the calculated transmission
spectra of Im and BI junctions. Both spectra exhibit sharp features approximately 0.5 eV below
the Fermi level, which correspond to ® molecular resonances. In Im, there is a single narrow peak
at -0.6 eV while in BI monomer junctions, two features are present at -0.6 eV and at -0.4 eV. The
real-space representation of the most transmitting scattering state at -0.4 energy, shown in Figure
3b, reveals that it is derived from a & state delocalized over both the imidazole and benzene rings.
However, at the Fermi energy the most transmitting scattering states have in-plane ¢ symmetry in
both Im and BI junctions as shown in Figure 3¢ and 3d, respectively. In both molecules, this o
resonance peaks is at -1.5 eV, but its coupling at the Fermi energy is overall lower in BI than in
Im. The calculated conductance values of Im and BI are 6.4 X 102G, and 4.2 X 1072G,
respectively, in reasonably good agreement with the experimentally determined values for the G1

peak listed in Table 1.>3637
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Figure 3. a) Transmission spectra of individual Im and BI molecular junctions. Real-space representation
of the most conducting transmission eigenchannel at the center of the Brillouin zone for b) Bl at -0.4 eV,

c) Bl at the Fermi energy, and d) Im at the Fermi energy.

Next, we calculate the conducting properties of Im and BI dimers (2Im and 2BI) to
investigate the experimentally determined G2 values. We build junctions with molecular dimers
and optimize the interface geometry, where no restrictions are imposed on the geometry of the
molecules. Figure 4a shows the computed transmission spectra of 2BI and 2Im in their lowest-
energy configuration where both BI and Im molecules are in a parallel orientation. Additional
sharp resonances appear near the Fermi level in the occupied part of the spectrum. Their energy
and width are different from those of Fig. 3a as a result of enhanced interaction resulting from the
small intermolecular distances. In Im dimers, the  resonance closest to the Fermi level is at -0.6
eV. In contrast, in BI dimers this is found at -0.4 eV and is significantly broader, indicative of

stronger electronic coupling, yet it does not determine zero-bias conductance.

The most conducting scattering states at the Fermi level, calculated at the center of the
Brillouin zone, are shown in Figures 4b (BI dimer) and 4¢ (Im dimer). The similarity of the nodal
patterns indicates that the same o states are responsible for low-bias transport in all junctions. The
calculated conductance values of 2Im and 2BI in their parallel configuration are 14.3 X 10726,
and 9.1 X 1072G,, respectively, which yield G2/G1 ratios of 2.2 for both species when
considering the parallel arrangement of molecules in the dimers. This ratio is close to the
experimentally determined value of 2.3 for BI but is higher than the one for Im. However, we
found previously that non-parallel configurations were energetically accessible for Im and
inaccessible in BI at room temperature. We therefore computed the conductance of the Im dimer
for other values of 8 compatible with an increase in energy of ~2kgT from the minimum, which

all yield lower conductance values: 12.5 X 1072G, (0 = -10 deg), 12.3 X 1072G, (0 = 10 deg),



and 12.3 X 1072G(0 = 20 deg) and all result in G2/G1 ratios of ~1.9. We conclude that when
considering accessible conformations for Im dimers, the averaged G2/G1 ratio will be lower than
for 6 = 0 deg and closer to the measured value. In BI dimers, on the other hand, the parallel
orientation is strongly favored over other relative angles and the results of the parallel geometry

are therefore representative.
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Figure 4. a) Transmission spectra of Im and BI dimers. Real-space representation of the most conducting

transmission eigenchannel for b) BI dimers at the Fermi energy, and ¢) Im dimers at the Fermi energy.

To investigate the origin of the increased conductance of the dimers, we compute
individually the transmission of each of each molecule in the geometry that it adopts in the dimer.
Starting from the structure of the dimer junction in the parallel conformation, we remove the
coordinates of one molecule without changing the coordinates of the remaining atoms in the
junction and compute the transmission. The calculated conductance values of BI (Im) molecules,
frozen at the geometry adopted in the dimer, are 4.6 X 1072G, (7.5 X 1072G,) and 4.5 X
1072G, (7.3 X 1072G,), approximately 10% higher than the value obtained when the geometry of
a single BI (Im) molecule is optimized (see Supporting Information Table S4). We find that this
stems from changes in the orientation of the molecule with respect to the Au-Au bonds in the tip

structures (Fig. S4) when the second molecule is adsorbed forming the dimer. The presence of &



stacking thus restricts each molecule of the dimer to a conformation that is different and more

conductive than the conformation it adopts when there is only one molecule in the junction.

Guided by these insights into conductance enhancement mechanisms, we design a
molecule which can self-assemble into dimer junctions with increased cooperativity due to
intermolecular coupling as in BI, but which retains the high monomer conductance of Im. To do
this, we retain the Im core, but substitute it with bulky aromatic or aliphatic moieties which
increase the surface area for intermolecular interactions. The histograms and structures of these
Im derivatives, 2-phenylimidazole (2PhIm), 2-methylimidazole (2Melm), are shown in Figure 5a
and S6. For comparison, we also measure the conductance of analogous BI derivatives, 2-

phenylbenzimidazole (2PhBI), 2-methylbenzimidazole (2MeBI), shown in Figure 5b.
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Figure 5. (a) Conductance histograms of 2-methylimidazole (2Melm) and 2-phenylimidazole (2PhIm).
Inset: Chemical structure of 2Melm and 2PhIm. b) Conductance histograms of 2-phenylbenzimidazole

(2PhBI) and 2-methylbenzimidazole (2MeBI). Inset: Chemical structure of 2PhBI and 2MeBI. Both

conductance histograms are cut off at 1073 G, to focus on the HG region only.

For all four molecules, the HG features of BI and Im are preserved, indicating successful
junction formation through the nitrogen atoms as before. The steric bulk of the substituents

decreases the amplitude of G2 in all molecules but does not abrogate the formation of dimers in

10



the junction. The fits to conductance of all BI derivatives are listed in the right column of Table 1.
We observe that the G1 and G2 peak positions of 2PhBI and 2MeBI are nearly identical and G2/G1
ratio for these molecules remains ~2.3 as in the BI result. We conclude that substituents alter the
probability of observing dimers on atomic-scale contacts as evidenced by lower amplitude peaks,

but do not significantly alter the - w stacking interaction of BI derivatives.

The conductance histograms and fit values in Figure 5a and Table 1 for Im substituted
molecules reflect a different pattern. The 2Melm and 2PhIm display a G2/G1 ratio of 2.21 and
2.38 respectively, which is higher compared to Im, suggesting increased intermolecular stacking
interaction in both substituted molecules. For 2Melm, we note that the electron donating nature of
the methyl group increases the electron density on the m system of the Im core and the larger
surface area of 2Melm compared to Im also promotes van der Waals interactions and parallel
binding in the junction. Notably, the measured dimer conductance enhancement in 2PhIm is
greater than in 2Melm and approaches the level in Bl at G2/G1 ~2.3. The computed energy profile
of 2PhIm dimer (Figure S5) shows a steep dependence on the relative angle between the molecules,
which is similar to what was observed for BI dimers in Figure 2B. The calculated G2/G1 ratio of

2PhIm dimers is 2.12.

We note that, while the G2/G1 ratio is similar in 2PhIm and BI, the absolute conductance
of the 2PhIm dimer is 4.94x102 Go compared to 2.64x102 Gy for BI. We have succeeded in
engineering a self-assembled molecular junction with nearly double the transmission of BI, by
leveraging a higher monomer conductance of the Im core and increased intermolecular coupling

through aryl substitution which promotes dimers with higher conductance per molecule unit.

To conclude, we demonstrate that BI molecules bridge gold electrodes in parallel, and
result in multimer junctions with higher conductance per molecule than monomer BI junctions.
We perform detailed theoretical studies to explore the origin of the enhanced conductance effect.
Our calculations show that in parallel-stacked BI dimers, the intermolecular binding energy is
greater than 20 kgT. In comparison, Im dimers have a higher degree of conformational freedom to
access greater relative stacking angles between molecules. The preferential binding of BI
molecules with aligned backbones leads to a binding conformation that is distinct from and more
conductive than the conformation adopted by a single molecule in the junction. We demonstrate

the potential of harnessing cooperative binding for molecular electronics by designing Im

11



derivatives that have higher monomer conductance and promote n—r coupling to achieve further
conductance enhancement in dimer junctions. This work identifies the potential for n-n driven self-
assembly of more transparent molecular circuits and points to new ways of engineering molecular

devices by tuning intermolecular interactions.
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junction geometry and transmission properties, additional gas phase intermolecular energies of BI,
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