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ABSTRACT: Single-molecule conductance studies have
traditionally focused on creating highly conducting
molecular wires. However, progress in nanoscale elec-
tronics demands insulators just as it needs conductors.
Here we describe the single-molecule length-dependent
conductance properties of the classic silicon dioxide
insulator. We synthesize molecular wires consisting of
Si—O repeat units and measure their conductance through
the scanning tunneling microscope-based break-junction
method. These molecules yield conductance lower than
alkanes of the same length and the largest length-
dependent conductance decay of any molecular systems
measured to date. We calculate single-molecule junction
transmission and the complex band structure of the infinite
1D material for siloxane, in comparison with silane and
alkane, and show that the large conductance decay is
intrinsic to the nature of the Si—O bond. This work
highlights the potential for siloxanes to function as
molecular insulators in electronics.

molecular electronic components need to be decoupled from
electrodes (i.e, Coulomb blockade effects)."

Here we synthesize a series of dimethylsiloxane oligomers
terminated with aurophilic methylthiomethyl electrode-linking
groups. Using the scanning tunneling microscope break
junction technique (STM-BJ),'*'” we create single molecule
circuits with these siloxane molecular wires and measure their
conductance. These oligo(dimethylsiloxane) wires demonstrate
the highest conductance decay measured to date, highlighting
their strong insulator characteristics. We compare these new
materials with previously studied silanes and alkanes exper-
imentally as well as computationally through density functional
theory (DFT) calculations. Complex band structure analysis of
the infinite 1D chains of siloxane, silane, and alkane further
illustrates that despite the larger band gap of the alkane chain,
the siloxane chain shows larger conductance decay. We find
that the weak electronic coupling across the siloxane wire arises
from the highly polarized nature of the Si—O bond.

The oligo(dimethylsiloxane)s 1—3 were synthesized
(Scheme 1) by reacting the previously reported methylthio-

ilicon dioxide is a critical dielectric material in electronics;'

polysiloxanes display ideal properties for use in flexible
polymer transistors.”’ Organic molecular materials containing
Si—O bonds have been shown to be promising dielectrics for
organic field-effect transistors,”” particularly as insulating thin-
films in dielectric organic—inorganic hybrid materials.” The
electronic structure of S$iO,”® and the electronic characteristics
of the Si—O bonds in siloxanes has been addressed in the
literature.”'” On the molecular scale, the impact of oxygen
heteroatoms on the transport capability of alkane wires has
been investigated.'' ~'* However, despite the ubiquitous use of
materials containing Si—O bonds in electronics, the charge
transport properties of Si—O bonds at the single molecule level
have received little attention. Although most of the emphasis in
molecular electronics has been placed on developing
conducting, switching or rectifying molecular wires, the
development of high-performing molecular insulators has
been neglected. These molecular insulators will serve a
complementary role in arrays of molecular electronic
components, as they will serve to prevent electronic cross-talk
between molecular conductors within the array. Furthermore,
in developing functional single-molecule components such as
transistors or switches, insulators are of use when active

-4 ACS Publications  © 2017 American Chemical Society

Scheme 1. Synthesis of 1-3
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methyl-terminated permethyloligosilanes with trimethylamine
N-oxide (detailed synthetic 8procedures given in Supporting
Information, Section I).'® The synthesis of 1,12-bis-
(methylthio)dodecane is provided in SI, Section I;'’ the
synthesis and measurements of linear silanes and alkanes were
reported previously.”””' We measured the oligo-
(dimethylsiloxane)s (Figure la) using the STM-B]J as follows.
We repeatedly bring the Au STM tip in and out of contact with
an Au substrate in a solution of the target molecule while
recording the junction conductance. Once the contact between
the tip and the substrate ruptures, a molecule can bridge the
gap and form a single molecule junction.

We collect thousands of such conductance-versus-displace-
ment traces and generate the 1D log-binned conductance
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Figure 1. (a) Schematic representation of a molecular junction showing the structures of siloxanes 1—3. (b) 1D log-binned conductance histograms
compiled from more than 10 000 traces without any data selection for 1—3 measured in 1,2,4 trichlorobenzene at a bias of ~0.2, 0.5, and 1.8 V
respectively. (c) Plot of the conductance as a function of the effective molecular length, defined as the distance between the two distal methylenes in
each DFT-optimized structure, for 1-3 in comparison with linear silanes and alkanes (molecular structures see SI Figure S1; conductance
histograms for alkanes are provided in SI Figure S2). Using G = G.e ", we determine a decay constant of 1.23 =+ 0.05 A~ for siloxanes, 0.39 + 0.01

A" for silanes, and 0.75 + 0.02 A™! for alkanes.
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Figure 2. (a) Optimized junction geometry and (b) calculated transmission curves of 1—3. (c) Plot of calculated transmissions at the Fermi energy
as a function of the effective molecular length for 1—3 in comparison with linear silanes and alkanes. Using G = G.e ™", we determine a decay
constant of 1.86 + 0.04 A™! for siloxanes, 0.36 + 0.002 A ! for silanes, and 0.78 + 0.01 A™! for alkanes.

histograms shown in Figure 1b without any data selection. We
observe conductance peaks at integer multiples of G, = 2e?/h,
the quantum of conductance, and at a molecule dependent
value below 1G, due to the formation of a single molecule
junction. We determine the molecular conductance by fitting a
Gaussian function to the conductance peak and plot the peak
values on a semilogarithmic scale against the effective molecular
length. The exponential decay of conductance with increasing
length G = Ge™" is clearly seen in Figure lc. When the
siloxanes are compared with alkanes of the same length, their
conductance is lower in all the systems measured. The decay
constant # = 1.23 + 0.05 A™! for siloxanes is 3 times that of
linear silanes (0.39 A™').*° Moreover, the decay constant for
the siloxanes is significantly higher than that of alkanes (0.74
A7), which are often considered the prototypical molecular
insulator.

For more insight into the steep conductance decay in
siloxanes, we carried out calculations with DFT and the
nonequilibrium Green’s functions (NEGF) formalism.”” First,
we analyze conformations that may contribute to the molecular
conductance. We optimize the molecular structures to a force
threshold of 0.01 eV A™! using DFT with the Perdew—Burke—
Ernzerhof exchange—correlation (PBE-XC) functional”® and
double-{ plus polarization basis set as implemented in
projector-augmented wave code within the Atomic Simulation

Environment (ASE/ C}PAW).24‘25 In agreement with previous
studies, we find that siloxanes are very flexible molecules and
the energy differences between conformations are small.”' %27
We therefore focus here on the longest conformations of each
siloxane (more details on the effect of conformation on
transmission are given in SI part III B, C). We attach gold
electrodes, which are composed of two 4-atom Au-pyramids
placed on a 4 X 4 fcc Au(111) surface to the relaxed molecular
structures to form junctions (Figure 2a). The molecule is
further relaxed to 0.05 eV A™' while keeping the Au-atoms
fixed. Finally, we calculate the Landauer transmission through
the junction.

The calculated transmissions are shown on a semilogarithmic
scale against energy in Figure 2b (silanes and alkanes data are
shown in SI Figure S3 and S4). We find that the transmission
values close to the Fermi energy are drastically reduced with
increasing molecular length. We plot transmission value at Eg
for each molecule against the effective molecular length in
Figure 2c. The calculated transmission shows the steepest
conductance decay for siloxanes and the shallowest for silanes,
in good agreement with the experimental findings. We note
that, for the siloxane, f is overestimated in the theoretical
results compared with what is observed experimentally. This
could, in part, be due to the errors inherent to DFT
calculations, which likely explains the strong energy depend-
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Figure 3. (a) Conductance decay parameter f from the transmission calculations plotted versus the Fermi energy of gold. (b—d) Complex band
structure for siloxane, silane, and alkane 1D nanowires plotted versus the Fermi energy of the respective systems. On the right-hand side of the plot,
the real bands are plotted with the purely real k. On the left-hand side, 2 times the imaginary part of the complex wave vector 2k is plotted. Note the
relationship f# = 2k. The colored complex band indicates the band with (expected) largest contribution to the transmission.

ence of f# (Figure 3a).”® However, it could also be due to the
difference between the length of the junction sampled in the
experiments when compared to the DFT-based backbone
length. Indeed, we find that if we plot the measured
conductance versus the measured junction elongation length,
as shown in Figure S5, the siloxane f increases to 1.45 + 0.04
A~ closer to the calculated value.

The shallow conductance decay of silanes is closely linked to
the relatively strong electronic coupling through their back-
bones, which is a consequence of the well-studied o-
conjugation effect.””*" Indeed, the gap between the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of silanes become
smaller with increasing length.31 On the other hand, for the
alkanes and siloxanes, the calculated HOMO—-LUMO gaps are
essentially length independent, indicating that the electronic
coupling across the backbone is very weak (see Table S1 in SI
part III D).

The transmission and electronic structure calculations for 1—
3 strongly agree with the experimental finding that Si—O bonds
suppress the conductance. To probe the physical origin of this
suppression, we model the complex band structure of the
infinite 1D chains of siloxane, silane, and alkane. In this type of
calculation, the electronic structure of the molecular backbone
is isolated from effects relating to the conformational freedom
and the binding groups of the molecules. The complex band
structure describes the decay of the tunneling/local states inside
the band gap and the imaginary part of the wave vector (k) is
directly related to conductance decay constant through f = 2k,
given only one contributing channel.’>** We calculate the
complex band structure by optimizing the unit cell for infinite
periodic chains of [—SiMe,—O—SiMe,—O—],, [—SiMe,—
SiMe,—],, and [-CH,—CH,—], using the same methods
detailed above with the Atomistix ToolKit software.** See SI
part III E for further details.

Figure 3b—d shows the complex bands for the siloxane-,
alkane-, and silane-based 1D chains; the colored regions of the
complex bands, determined by comparing these to Figure 3a,
are expected to dominate transport. Our key finding here is that
the band gap does not predict . The band gap for siloxane,
which has a larger f3, is ~6 eV, whereas that of the alkane is ~8
eV. It appears that the dispersion in the real bands (right-hand
side of each plot) can be related to the curvature of the complex
bands and thus B. The most striking feature in the band
structure of the siloxane is the prevalence of relatively flat
bands. This can be attributed to strong polarity of the Si—O
bond due to the very different electronegativities of Si and O,
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when compared with either the C—C bond or Si—Si bond. This
polarity leads to charge localization and flat bands (indicating
weak electronic coupling through the material) and translates
into a deep valley in the complex band near the Fermi energy.
In contrast with the fast decay of siloxane and alkane, the silane
chain in Figure 3c has a narrow band gap ~2 eV, high
dispersion, and consequently a small decay constant. The
alkane forms an intermediate case. The discrepancies between
the energy dependent f as shown in Figure 3a and dominant
complex bands in Figure 3b—d are expected when considering
interface effects, the addition of binding groups, and the
difference in Fermi energy.

To conclude, the siloxane molecular wires measured here
demonstrate the largest length-dependent conductance decay
observed to date. The large conductance decay factor of
siloxanes is not a consequence of the HOMO—-LUMO gap or
the conformational freedom of the molecule, but rather the
electronic structure of the molecular backbone, which
effectively promotes charge localization. The agreement
between our complex band structure calculations and the
single-molecule conductance experiments suggest that these
atomic-size siloxane wires allow us to nonetheless probe the
polymeric limit of this material. Such a capability to capture the
electronic trends from small siloxanes highlights the special
nature of the Si—O bond. Our results imply that from the
smallest siloxane molecule to bulk SiO,, this bonding motif
effectively suppresses electronic coupling without compromis-
ing structural stability. Though SiO, has repeatedly proven its
utility as an insulator and dielectric material, these results reveal
the prospects of siloxanes to achieve these same functions on
the molecular scale. The superior charge insulating properties
of the siloxane chains studied here suggests that they can serve
as improved replacements of the alkanes typically used for
decoupling the central unit from the electrode in molecular
devices.
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