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ABSTRACT

The electronic transmission through -conjugated molecules can be fully suppressed by destructive
quantum interference, which makes them potential candidates for single-molecule insulators. The
first molecule with clear suppression of the single-molecule conductance due to c-interference was
recently found in the form of a functionalized bicyclo[2.2.2]octasilane. Here we continue the search
for potential single-molecule insulators based on saturated group 14 molecules. Using a high-
throughput screening approach, we assess the electron transport properties of the bicyclo[2.2.2]octane
class by systematically varying the constituent atoms between carbon, silicon, and germanium, thus
exploring the full chemical space of 771 different molecules. The majority of the molecules in the
bicyclo[2.2.2]octane class are found to be highly insulating molecules. Though the all-silicon
molecule is a clear-cut case of c-interference, it is not unique within its class and there are many
potential molecules that we predict to be more insulating. The finding of this class of quantum
interference based single-molecule insulators indicates that a broad range of highly insulating
saturated group 14 molecules are likely to exist.
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Single-molecule conductance measured at low bias in metal-molecule-metal junctions is generally
a coherent electron transport process best described as a tunneling mechanism.' The transmission
through a molecule can be suppressed by destructive quantum interference;* a phenomenon that has
been demonstrated in a variety of m-conjugated systems.”'* In principle these molecules are ideal
candidates for insulating molecular units, but when transmission through the underlying c-system is
not suppressed such m-conjugated molecules cannot be more insulating than saturated molecules of
equivalent length, such as alkanes.'""

In recent work,'® we presented the first saturated molecule with destructive c-interference in the
form of a functionalized bicyclo[2.2.2]octasilane (Si222) shown in Scheme 1. With a single-molecule
conductance that is much lower than saturated molecules of the same length we consider Si222 the
first quantum interference based single-molecule insulator. Given that the transmission is almost
completely suppressed by destructive interference, we found that removing the insulating bicyclic
part of the molecule in the simulation increases the transmission by an order of magnitude. The
insulating bicyclic molecular component is, in theory, a better insulator than a gap of the same size;
such is the peculiar effect of destructive c-interference.'®

Scheme 1. Si222.
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Saturated o-conjugated molecules exhibit a rich variety of electronic properties, which are well-
described for linear silanes in the literature.'”*' The strong electronic coupling through silanes make
them candidates for conducting molecular wires,”” and an open question is how G-conjugation and
o-interference effects change up or down group 14, from silicon to carbon and germanium.***’
Wallner et al. prepared a series of mixed [2.2.2]bicyclic organosilanes,” and several mixed saturated
group 14 compounds have been reported.”** The all-carbon bicyclo[2.2.2]octane is a commonly used
insulating bridge unit, for example in the original Aviram-Ratner rectifier.* With the finding of the
all-silicon counterpart as an extremely insulating moiety, the bicyclo[2.2.2]octane class of molecules
is evidently a good place to start the search for single-molecule insulators. In this letter, we exhaust
the full combined chemical space of saturated carbon, permethylated silicon, and permethylated
germanium, as illustrated in Scheme 2, by using a high-throughput screening approach™ to asses all
771 possible molecules of the class.

Scheme 2. Variation of the Bicyclo[2.2.2]octane Motif
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We use a custom RDKit script to generate all combinations of carbon, silicon, and germanium in
the bicyclo[2.2.2]octane class as illustrated in Scheme 2.* With three variations in 8 atoms this yields
a total of 3° possible combinations, which are reduced to 771 distinct molecules by symmetry. As
described in detail in Supporting Information part I, we sample 9 conformations of each of the 771
molecules, which we optimize with GFN-xTB.* The 6939 structures are further optimized using
density functional theory (DFT) with the PBE functional and a DZP basis set as implemented in the
Atomic simulation environment (ASE) and GPAW.* This way we obtain molecular structures of
good quality; although an assessment of relative energies and thermodynamic properties may require
higher level calculations.

We calculate the Landauer transmission for all 6939 structures using a custom-made transport code
implemented with GPAW. As described in Supporting Information part I, this approach employs
wide-band electrodes with the non-equilibrium Green’s function (NEGF) approach and DFT using
the PBE functional and DZP basis set. Our transport code allows for very cost-effective calculation
of the transmission without compromising the quality of the electronic structure calculation; using an
energy grid of 200 data-points it takes less than 10 minutes to complete the transmission calculation
of Si222 on a single processor. All custom scripts are described in Supporting Information part I and
are available as open-source code.

From the wide-band transmission, we select the most insulating conformations of each molecule
for further analysis. The energetic positions of antiresonances in the transmission are very sensitive
to changes in the electronic structure, and therefore also method dependent. Furthermore, the Fermi
energy of the electrodes cannot be predicted exactly with DFT.”' For each molecule we select both
the conformation with the lowest transmission at the Fermi energy and the conformation with the
lowest transmission in the range from —1.5 and +1.5 eV relative to the Fermi energy; the latter
criterion finds structures with a sharp antiresonance in the transmission somewhere in the vicinity of
the Fermi energy. This procedure yields 1181 structures: 1 or 2 conformations from each of the 771
molecules. For around half of the 771 molecules, the conformation with the lowest transmission
between —1.5 and +1.5 eV also has the lowest transmission at the Fermi energy and for those
molecules only 1 conformation is selected.

We calculate the transmission of Au-molecule-Au junctions for the 1181 selected structures.
Briefly, junctions are created by placing the molecule between four-atom Au pyramids placed on 5 x
5 Au(111) surfaces. These junction structures are relaxed with the Au atoms kept fixed, then the
transmission is calculated using DFT and the NEGF approach as implemented in ASE and GPAW **
.32 A5 in the wide-band calculations, we use the PBE functional and DZP basis set for all atoms,
except for Au where a DZ basis set is applied.”’

The transmission calculations using wide-band and Au electrodes are performed at a similar level
theory, but the two types of electrodes differ. In Figure 1, the junction structures and transmissions
for Si222 are shown for the two setups. Each wide-band electrode is depicted as a hydrogen molecule;
it corresponds to a one-dimensional periodic chain of hydrogen atoms as detailed in supporting
information part I. The Au-electrode is depicted as an Au-pyramid. Naturally, the electronic coupling
of the electrodes into the sulfur atoms is quite different depending on whether it is through a hydrogen
Is orbital or an Au 6s orbital. In Figure 1d it is notable that the transmission resonances are narrower
using the wide-band electrodes, and consequently the transmission is generally lower. This is the
consequence of the overlap between a hydrogen 1s and sulfur 3p orbital being smaller than that of
Au 6s and sulfur 3p. This difference also seems to affect the sharpness of antiresonances in the



transmission, which are less sharp in the Au calculation; we hypothesize this is the result of the diffuse
Au orbitals coupling into multiple orbitals on sulfur and neighboring orbitals. While the transmission
properties are generally preserved, we note that the antiresonance energy in Si222 changes by
approximately half an eV. This again emphasizes that it is not straightforward to find one simple
selection criterion to lowering the number of conformations we screen. Ideally the transmission
should be qualitatively similar to that found with the computationally expensive Au-electrodes.
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Figure 1. Structural motif (a) Wide-band junction (b), and Au-molecule-Au junction of Si222 (c). (d)
Transmission calculated using the two setups for Si222.

Plotting the full data-set of the wide-band transmission as a histogram in Figure 2a, it is clear that
there are many structures with very low transmission, i.e. around 10 and lower. Comparing the two
data-sets with the wide-band and Au electrodes directly in Figure 2b, there are notable differences as
we alluded to in the previous section. Almost every junction has lower transmission at the Fermi
energy (T(Er)) with wide-band electrodes. For the majority, the difference is fairly systematic.
However, for a significant number of junctions the transmission at the Fermi energy is several orders
of magnitude lower with wide-band electrodes, and these are cases where there is a sharp
antiresonance near the Fermi energy. We do not find cases where the transmission with Au electrodes
becomes extremely low. This is not an error in the wide-band transmission, it is just a different
junction corresponding to an experiment that cannot easily be realized — one with hydrogen atoms as
electrodes. Consequently, there is promise for other realistic electrode types, or different types of
experiments, where destructive interference phenomena might be even more pronounced than with
Au-electrodes.
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Figure 2. Histogram of T(Eg) for all 6939 junctions calculated using wide-band electrodes. (b) T(EF)
for 1181 selected junctions calculated using Au-electrodes plotted against the T(Er) calculated with
wide-band electrodes. (¢c) Histogram of T(Er) for 1181 selected junctions calculated using Au-
electrodes. (d) Histogram of the minimum transmission value between —1.5 and + 1.5 eV for 1181
selected junctions calculated using Au-electrodes.

Sorting the transmission at the Fermi energy of the 1181 Au-molecule-Au junctions in a histogram
in Figure 2c, we see that the values are distributed over approximately two orders of magnitude.
While the transmission of Si222 is among the low ones, Si222 only has the 146™ lowest transmission
at the Fermi energy of the 771 molecules of its class. Listed in Table 1 are the top 5 most insulating
molecules at the Fermi energy. The most insulating one, Comp683-6 (conformation no. 6 of molecule
no. 683), has over three times lower transmission at the Fermi energy than Si222. Between Comp683-
6 and Si222, another 144 molecules of the class fall in-between.

We find it informative to also look at the lowest transmission in the range 1.5 eV above and below
the Fermi energy (Tmin), looking for a sharp antiresonance within the HOMO-LUMO gap. Shown as
a histogram in Figure 2d, it is clear that there are now two subclasses of molecules. A notable fraction
of molecules have lower transmission than at the Fermi energy; these are the ones with a sharp
antiresonance in the transmission. Again, as listed in Table 2, Si222 performs very well among the
top insulating molecules and ranks as no. 65 out of the 771 molecules of its class. Whether looking
at the transmission at the Fermi energy or in a broader energy range, it is clear that though Si222 is
an exceptional insulator, it is not a particularly special molecule within its class.

At this time, we find no clear structural pattern of the top insulators; a broad variation of motifs is
represented and the top insulators consist of at least two heteroatoms. Still, it is notable that between
each of Comp260-7, Comp216-4, and Comp214-8—ranked 1, 2, and 5 in Table 2—only a single
germanium atom has been changed to a silicon atom. We hypothesize that there is a balance in the
electronic structure that regulates the transmission. Altering the molecular structure allows a fine-
tuning of the o-interference effect. Understanding this interplay between the different atoms in o-
conjugated molecules using simple electronic structure models**' will be an important goal for
future work.



Table 1. Molecules with lowest transmission at the Fermi energy. “Atom color scheme is shown
in Scheme 2. *Full list is included in Supporting Information. Only the lowest conformation of each

molecule is included.

Ranking Name T(EF) Structure
e \\

1 Comp683-6 6.2x107 [ o2
N

e \\

2 Comp362-4 8.0x107 | ]
N,

e \\

3 Comp578-8 8.5x107 [ D]
N

e \\

4 Comp538-5 8.8x107 Lo |
N

e \\

5 Comp763-2 8.8x107 [ |
N

- \\

146 Si222 2.2x10° [
N

Table 2. Molecules with lowest transmission between —1.5 and 1.5 eV. *Atom color scheme is
shown in Scheme 2. "Full list is included in Supporting Information. Only the lowest conformation

of each molecule is included.
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Let us briefly compare the transmissions of the two top candidates, Comp260-7 and Comp683-6,
with Si222 as plotted in Figure 3. The transmission of Comp260-7 has an antiresonance at around —
1 eV that is much sharper than that of Si222. Despite the sharp antiresonance, Comp260-7 actually
has the highest transmission of the three at the Fermi energy. The transmission of Comp683-6 is
suppressed over a much broader energy range without a clear antiresonance. Though all three are
very good insulators, they may be suitable for different applications. A narrow antiresonance in the
transmission may be suitable for conductance suppression in a small bias range, which may facilitate
conductance switching. Furthermore, a sharp antiresonance is also a criterion for high
thermopower,”>® which we reported for a derivative of Si222."° Conversely, when the transmission
is suppressed over a broad energy range, the molecule will be insulating over a larger bias-range and
is likely to be less sensitive to changes in the chemical environment.
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Figure 3. Top insulating Au-molecule-Au junctions and corresponding transmission, compared with
Si222. (a) Optimized junction of Comp260-7. (b) Optimized junction of Comp638-6. (c)
Transmission of the two junctions and Si222.

A special property of Si222 is that the insulating bicyclic unit is, in theory, more insulating than a
gap the same dimensions.'® If we cut away the three silicon-bridges of the bicyclic structure, pacify
the two remaining silicon atoms with hydrogen atoms and calculate the transmission for the frozen
structure, the transmission is around an order of magnitude higher than that of the molecule. This



procedure gives a measure of how strong the transmission-suppression is in the bicyclic moiety.
Shown in Figure 4a-c, we perform this procedure on Comp260-7 and Comp638-6. In both cases the
transmission at the Fermi energy is over an order of magnitude lower for the full molecule than for

the cut junctions.

Repeating this procedure for all 1181 junctions a remarkable trend emerges. Shown in Figure 4d,
the transmissions at the Fermi energy of the full junctions is plotted against that of the cut junctions.
For 91% of the molecules the transmission at the Fermi energy is lower than a gap of the same
dimensions; for 38% of them by more than an order of magnitude. If we instead chose the lowest
transmission between —1.5 and +1.5 eV this trend is even more pronounced, as shown in Figure 4e.
From these results it is clear that Si222 is not a special molecule within its class. The majority of
molecules in the bicyclo[2.2.2]octane class are exceptional single-molecule insulators.
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Figure 4. (a) Cut junction of Comp260-7. (b) Cut junction of Comp638-6. (¢) Transmission
functions of cut and full Au-molecule-Au junctions of Comp260-7 and Comp638-6. (d) Scatter plot
of the transmission at the Fermi energy for the full junctions against the cut junctions for all 1182



junctions. (e) Scatter plot of the minimum transmission between —1.5 and 1.5 eV for the full junctions
against the cut junctions for all 1182 junctions.

In summary, we have used a high-throughput approach to screen the electron transport properties
of the full chemical space of the bicyclo[2.2.2]octane motif based on saturated carbon, permethylated
silicon, and permethylated germanium. Like the all-silicon Si222, the members of this class of
molecules are extremely insulating due to destructive c-interference in the electronic transmission.
We predict there are many members of the class that are even better single-molecule insulators than
Si222, holding promise for future experimental efforts. While we have screened the electron transport
properties of this prospective class of molecules, it is important to note that other properties remain
to be screened in future efforts. The properties of single-molecule junctions depend on a number of
factors, such as conformational freedom of the molecule.”” With complex cyclic and macrocyclic
silicon-based molecules as realistic synthetic goals,” we think high-throughput computational
screening® holds great promise for guiding future synthetic efforts by assessing large numbers of
prospective molecules.

The finding of carbon, silicon, and germanium based bicyclo[2.2.2]octanes as a class of effective
quantum interference based single-molecule insulators emphasizes the need for further exploration
of the structure-function relationship in c-conjugated molecules. With the perspective of inspiring
new directions for research of insulating and dielectric materials,®®' the search for single-molecule
insulators continues to be an important prospect for molecular electronics.

Supporting Information. Computational details; Supplementary results.
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