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CONSPECTUS: This Account provides an overview of our recent efforts to uncover the fundamental charge transport
properties of Si−Si and Ge−Ge single bonds and introduce useful functions into group 14 molecular wires. We utilize the tools
of chemical synthesis and a scanning tunneling microscopy-based break-junction technique to study the mechanism of charge
transport in these molecular systems. We evaluated the fundamental ability of silicon, germanium, and carbon molecular wires to
transport charge by comparing conductances within families of well-defined structures, the members of which differ only in the
number of Si (or Ge or C) atoms in the wire. For each family, this procedure yielded a length-dependent conductance decay
parameter, β. Comparison of the different β values demonstrates that Si−Si and Ge−Ge σ bonds are more conductive than the
analogous C−C σ bonds. These molecular trends mirror what is seen in the bulk.
The conductance decay of Si and Ge-based wires is similar in magnitude to those from π-based molecular wires such as para-
phenylenes However, the chemistry of the linkers that attach the molecular wires to the electrodes has a large influence on
the resulting β value. For example, Si- and Ge-based wires of many different lengths connected with a methyl−thiomethyl
linker give β values of 0.36−0.39 Å−1, whereas Si- and Ge-based wires connected with aryl−thiomethyl groups give drastically
different β values for short and long wires. This observation inspired us to study molecular wires that are composed of both
π- and σ-orbitals. The sequence and composition of group 14 atoms in the σ chain modulates the electronic coupling
between the π end-groups and dictates the molecular conductance. The conductance behavior originates from the coupling
between the subunits, which can be understood by considering periodic trends such as bond length, polarizability, and bond
polarity.
We found that the same periodic trends determine the electric field-induced breakdown properties of individual Si−Si, Ge−
Ge, Si−O, Si−C, and C−C bonds. Building from these studies, we have prepared a system that has two different, alternative
conductance pathways. In this wire, we can intentionally break a labile, strained silicon−silicon bond and thereby shunt the
current through the secondary conduction pathway. This type of in situ bond-rupture provides a new tool to study single
molecule reactions that are induced by electric fields. Moreover, these studies provide guidance for designing dielectric
materials as well as molecular devices that require stability under high voltage bias.
The fundamental studies on the structure/function relationships of the molecular wires have guided the design of new
functional systems based on the Si- and Ge-based wires. For example, we exploited the principle of strain-induced Lewis
acidity from reaction chemistry to design a single molecule switch that can be controllably switched between two conductive
states by varying the distance between the tip and substrate electrodes. We found that the strain intrinsic to the
disilaacenaphthene scaffold also creates two state conductance switching. Finally, we demonstrate the first example of a
stereoelectronic conductance switch, and we demonstrate that the switching relies crucially on the electronic delocalization
in Si−Si and Ge−Ge wire backbones. These studies illustrate the untapped potential in using Si- and Ge-based wires to design and
control charge transport at the nanoscale and to allow quantum mechanics to be used as a tool to design ultraminiaturized switches.
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1. INTRODUCTION
This Account describes a program we initiated several years ago
to investigate molecular wires based on silanes and germanes
using a scanning tunneling microscopy-based break-junction
(STM-BJ) technique to measure conductance.1 These studies
were born from our interest in building an essential bridge
between two distinct worlds: (1) the established semiconductor
industry that transforms bulk silicon and germanium into
nanoscale devices and (2) the emerging field of single-molecule
electronics that aims to use individual molecules as the active
elements in electrical circuitry (Figure 1). It is vital to link these

worlds because of the continued ultraminiaturization of silicon-
based components and the issues and opportunities that arise
from this device scaling. For example, how will the charge
transport properties of the material change as the active regions
transition from the nanoscale to the molecular scale? If we are to
make these components from the bottom up, can we leverage our
understanding of molecular chemistry to synthetically engineer
function into the devices? Our hope is that the principal findings
detailed in this Account will serve as an intellectual touchstone to
address these important issues.
Group 14 materials have long been known to possess

interesting electronic characteristics in the bulk.2,3 For example,
while alkanes do not absorb light at wavelengths longer than
190 nm, it was observed many years ago that oligosilanes and
oligogermanes display strong absorbance in the range of
200−300 nm.4 In a trend similar to linearly π-based systems,5

the position of maximum absorbance and absorption coefficient
increase with the length of the Si or Ge chain.6,7 It was also shown
that cyclic silanes have delocalized electrons8 and that oligosilanes
form charge transfer complexes with electron acceptors.9

Silanes have been investigated as hole-transporting layers,10−12

as UV emitters in OLEDs,13−15 and as materials in photovoltaic
cells.16,17

Excellent reviews and articles have been published on
σ conjugation in oligosilanes and germanes, which we will not
thoroughly discuss here due to space constraints.2,18,19 Silanes
and germanes are electroactive because of the delocalization that
occurs in Si−Si and Ge−Ge σ-bonds due to the increased size,
energy, and diffuseness of their atomic orbitals relative to C.20

Michl, Tamao, and others have developed an understanding of
the electronic delocalization in oligo- and polysilanes.2,19,21−23

One particularly interesting aspect of Si- and Ge-based wires is
that the conductance should depend strongly on the dihedral
conformations along the chain.24 The strongest coupling between
subunits occurs when the silanes or germanes are oriented in
an anti (dihedral = 180°) configuration; the weakest occurs
when these dihedral angles are oriented in a cis configuration
(dihedral = 0°).18,25

While the molecular conductance properties of many types
of organic wires have been well studied,26−28 there had been no
experimental study on the use of wires containing sp3-hybridized

components such as the silanes and germanes, this despite
promising theoretical work by Ratner and co-workers.24,29

We thus saw a tremendous opportunity in this unexplored
class of molecular wires, and we set out to utilize the properties
of silanes and germanes to create new single-molecule devices.
This would allow us to test how the bulk properties of silanes
and germanes may correlate with single molecule properties.
We saw the scanning tunneling microscopy-based break-junction
(STM-BJ) technique30 as an ideal platform for studying these
materials because it provides an instructive glimpse into how
current flows through systems that are connected through
rotatable bonds.31 The pioneering Si−Si and Ge−Ge bond-
formingwork of Kumada, Tamao,Marschner, and others provided
us with a synthetic toolkit to explore a diverse array of silicon and
germanium-based structures.32−34

We divide the discussion below into two sections: one on the
fundamental charge transport properties of these new molecular
wires and a second on functional switches made from them.
By measuring the length dependent decay constants (β), we
establish that Si−Si and Ge−Ge bonds are more conductive than
the analogous C−C bonds, mirroring what is seen in bulk solids.
The β values for the Si- and Ge-based wires are similar in
magnitude to those from π-orbital-based molecular wires.
However, the chemistry of the linkers that attach the molecular
wires to the electrodes has a large influence on the resulting
β-value. For example, Si- and Ge-based wires of many different
lengths connected with a methyl−thiomethyl linker give a
β value of 0.36−0.39 Å−1, whereas Si- and Ge-based wires
connected with aryl−thiomethyl groups give drastically different
β-values depending on the length of the chain. The conductance
originates from the coupling between the subunits, which can be
understood by considering trends such as bond length,
polarizability, and bond polarity. The very same trends determine
the voltage-induced breakdown properties of individual Si−Si,
Ge−Ge, Si−O, Si−C, and C−C bonds.
We have been able to use the tools of physical organic

chemistry to realize new types of switches that can be understood
and appreciated at the orbital level. We find that including along
the conduction path a silicon atom whose bonding environ-
ment is strained gives a molecular device that shows switchable
conductance. We exploit such strain in silacyclobutane- and
disilaacenaphthene-based wires to design single molecule devices
that can switch conductance between two conductive states by
varying the distance between the tip and substrate electrodes.
Finally, we demonstrate the first example of a stereoelectronic
conductance switch that relies crucially on the electronic delocaliza-
tion in Si−Si and Ge−Ge wire backbones.

2. FUNDAMENTALS OF SINGLE-MOLECULE CHARGE
TRANSPORT IN SI- AND GE-BASED WIRES

2.1. β-Values

The use of single molecules as active components in miniaturized
electronic circuits requires a detailed understanding of the charge
transport ability. One parameter that describes the efficacy of
charge transport at the molecular scale is the β-value, which has
units of inverse length.26,35 The β-value and the length (L) of a
molecular wire conducting by a nonresonant tunneling mecha-
nism are related exponentially (G ≈ e−βL, where G = con-
ductance).28 The decay constant depends on the coupling strength
between the repeat units in any given material: molecular back-
bones that are strongly coupled and transport charge effectively
give shallow conductance decay and lower β values.

Figure 1. Studying molecular fragments of bulk silicon using the
STM-BJ technique.

Accounts of Chemical Research Article

DOI: 10.1021/acs.accounts.7b00059
Acc. Chem. Res. 2017, 50, 1088−1095

1089

http://dx.doi.org/10.1021/acs.accounts.7b00059


Our initial objective was to explore whether permethylated
oligosilanes, which have been shown to be electroactive in
bulk,36,37 would display molecular conductance similar to the
π-conjugated carbon analogues such as paraphenylenes (β =
0.40 Å−1)38 and oligoenes (β = 0.22 Å−1).39,40 We developed
syntheses for long (>2 nm) molecular wires initially using
thioanisole linkers paired with permethyloligosilane (-[SiMe2]n-)
backbones. However, this system gave different β-values for
shorter (n = 1−4; β = 0.27 Å−1) and longer (n = 4−6, β =
0.46 Å−1) oligomers.37 We observed similar inconsistencies in
the β-values of short and long oligogermanes we had synthesized
with thioanisole linkers. We reasoned that with thioanisole,
linkers have a larger effect and a greater energetic mismatch with
the shorter oligomers than the longer oligomers, where the central
σ-orbitals play a larger role.
To help understand why the aromatic linkers at the ends of the

silicon or germanium chain had such a big effect on the β values
for the short silicon and germanium chains we prepared the
series of test molecules shown in Figure 2.41 Little was known
regarding the transport and conductance properties of mixed
σ−π backbone wires. In these wires, the thioanisole rings connect
the σ-moiety (a triatomic α−β−α chain composed of C, Si, or
Ge atoms) to the electrodes. Figure 2B displays the conductance
histograms for five different molecular wires. We found that
the sequence and composition of group 14 atoms in the α−β−α
chain dictated whether electronic communication between the
aryl rings was enhanced or suppressed. Placing heavy atoms at
the α-position decreased conductance, whereas placing them at
the β-position increased conductance: for example, the C−Ge−C
sequence was found to be more than 20 times more conductive
than the Ge−C−Ge sequence. There is a stronger interaction
between the π-system and σ-chain for CGeC compared to
GeCGe for three primary reasons, as shown in Figure 2c: (1) the
Ar−C bond (1.5 Å) is significantly shorter than the Ar−Ge bond
(2.0 Å), which brings the arene into closer interaction with the
σ-chain for CGeC; (2) the Ge atom in the β-position is more
polarizable, and (3) the stronger electronegativity of C relative to
Ge polarizes the C−Ge bond density toward the aryl ring in
CGeC but away the aryl ring in GeCGe. Interestingly, the
periodic trends that control molecular conductance here are

the same ones that give rise to the α and β silicon effects known
to physical organic chemistry.42−44 These findings provide a new
molecular design concept for tuning conductance in single-
molecule electrical devices45 and demonstrate how principles of
physical/mechanistic chemistry can be harnessed in designing
molecules and tuning molecular conductance.
By replacing the phenylene spacer of the thioanisole linker

with a methylene, we were able to access a more intrinsic, length-
independent β value for the wires. Through single-molecule
conductance measurements, we were able to establish that Si−Si
and Ge−Ge bonds are more conducive to charge transport than
the analogous C−C bonds (βGe = 0.36 Å−1, βSi = 0.39 Å−1, βC =
0.74 Å−1, Figure 3).47 These conductivity trends arise from the
delocalization in the Si−Si and Ge−Ge σ-bonds−the very same
delocalization that enables the widespread utility of bulk silicon
and bulk germanium as semiconducting materials.
The periodic trends inmolecular conductivity that we observed

mirror group 14 conductivity trends in solid-state materials
(Figure 3C); the bulk conductivities of silicon and germanium
are the same order of magnitude, and both are much more
conductive than diamond carbon.46 These trends are not
mirrored in stochastically grown Si and Ge nanowires where
reported conductivities vary by many orders of magnitude due
to a number of extrinsic factors.48−51 The atomic precision in the
molecular wires described here makes them reliable platforms for
studying effects such as strain and doping in electronic materials,
not only to probe the fundamental nature of these effects in
bulk systems but also to inform the design of next-generation
electronic materials.

2.2. Electrochemical Field Breakdown of Molecular
Junctions

The implementation of low-κ dielectric materials has been vital
to increasing the density of semiconductor components on a
chip. However, low-κ dielectrics are more fragile than conven-
tional dielectric materials. Many theoretical models have been
developed to rationalize electric field breakdown in silicon-
based networks of low-κ materials, but an experimental study
of voltage-induced breakdown at the single-bond level was
lacking. Voltage-induced electric field breakdown experiments in
single-molecule junctions can serve as a guide in designing low-κ

Figure 2. (A)Molecular structures with different α−β−α chains. (B) Conductance histograms for the α−β−α chains. (C) Periodic trends in the central
σ-chain control the strength of coupling between the thioanisole rings.
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dielectric materials for electronic devices while developing a
mechanistic understanding of a voltage-induced bond rupture process.
To address this, we synthesized molecular analogs of low-κ
dielectric materials, now using thiol-based anchoring groups,
since they form more robust Au−S covalent contacts than
thioethers.52 We used the junction rupture probability
to assess the stability of Si−Si, Ge−Ge, C−C, Si−C, and Si−O
bonds under high voltage bias and discovered that the probability
of a bond to rupture can be related to its polarizability as well as its
polarity (Figure 4).

We considered molecular backbones that consist of Si−Si,
Si−C, Si−O, and Ge−Ge bonds (Figure 4) and found that the

stability of bonds followed the trend C−C > Si−Si > Ge−Ge.
This trend scales with characteristic bond strengths and
polarizabilities of group 14 compounds. Furthermore, we found
that molecular backbones with Si−C bonds have a lower breaking
probability at a high voltage when compared with backbones with
Si−O and Si−Si bonds. Indeed, Si−C and Si−O bonds are
common in high performance dielectric materials; these studies
suggest that such voltage-induced breakdown studies can provide
a roadmap for designing low-κ dielectric materials as well as
molecular devices that require stability under high voltage bias.
We applied the same high-voltage experimental technique to a

study of the impact of ring strain on bond-rupture probability,
with an eye toward performing in situ chemistry within a single-
molecule junction.53 The prospect of forming a stable molecular
junction and then inducing the making or breaking of chemical
bonds through the application of external stimuli is exciting and
holds the promise of new types functional components in single
molecule circuits and the ability to study fundamental reactions
on single molecules.
We chose to study the disilanaphthene system to probe Si−Si

bond rupture because it contains two possible conductance
pathways. Our hypothesis was that field-induced rupture of
the strained, high-energy Si−Si bond should redirect the
primary transport pathway through the alternate arene pathway
(Figure 5A). In Figure 5B, we show that the Si−Si bond in
disilaacenaphthene is ruptured under high bias, and this bond
cleavage yields not a broken junction but rather a new conducting
species whose likely postrupture conductance pathway uses the
1,8-naphthadiyl subsystem. From calculations and simulations,
we find that tunneling electrons excite molecular vibrational
modes leading to homolytic Si−Si bond cleavage.
We are currently studying the homolytic Si−Si bond rupture

event to understand the fate of the diradical that forms upon
bond cleavage. The individual conductance traces (Figure 5B)
reveal that the ruptured species persists even after the voltage is
reduced, and the junction only breaks when the electrodes are
pulled further apart. This raises an important question about
why the Si−Si bond does not simply reform once the voltage is
reduced. Our ongoing hypothesis is that the bond rupture is
partly driven by strain relief and is accompanied by conforma-
tional relaxation that could preclude Si−Si bond reformation.

3. INCORPORATING FUNCTION INTO THE GROUP 14
MOLECULAR WIRES

Section 2 of thismanuscript focused on the fundamental electronic
properties of silanes and germanes and how these properties
contribute to their mechanism of charge transport at themolecular
scale. This section will focus on how those properties, in conjunc-
tion with our expertise in molecular design, have allowed us to
create new types of conductance switches.

3.1. Strain Induced Molecular Switching in Silacyclobutanes

State of the art technology in the semiconductor industry
incorporates strain in the silicon crystal lattice to improve
charge mobility and channel conductance.54 To gain insight into
the impact of strain at the molecular level, we set out to explore
the impact of ring strain on the single molecule conductance
properties of silanes. Ring strain in silacyclobutanes induces
synthetically useful levels of reactivity in otherwise unreactive
silanes.55−57 We began by exploring the conductance properties
of the bisthioanisole-equipped silacyclobutane (Figure 6).58

With this strained silacycle, the molecular wire conducts not only
from the terminal sulfur-to-sulfur, but also from sulfur-to-silacycle.

Figure 3. (A) Conductance histograms (Si1 to Si10) with
methylthiomethyl linkers. (B) Conductance peak positions of the
alkanes, oligosilanes, and oligogermanes plotted against L to give the
β-value. (C) Trends in β value for the molecular materials mirror
the conductivity trends observed for the bulk material. The β values of
the alkane, silane, and germane oligomers are given in blue, and the
conductivity values of the bulk materials46 are given in red.

Figure 4. Molecular junction rupture probability plotted against the
applied voltage for different backbones. The hold period for evaluating
junction breakdown was 150 ms.
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As indicated in the 2D histogram (Figure 6), we observe two
different conductance states (high G and low G) that differ at
least by an order of magnitude. We can switch between pathways
in a single junction by modulating the tip−substrate electrode
distance.
We speculate that the contact for the high G pathway is a

σ-complex formed between the strained, high-energy Si−C bond
and the unsaturated gold electrode. The 0.4 nm elongation length
obtained from the 2D histogram corresponds to the distance
between the terminal sulfur and the carbon atom of the
silacyclobutanemoiety. Our studies uncovered the electronic effects
of straining silicon at the molecular level and provide a foundation
for the realization of strained silicon molecular components.

3.2. High Conductance Pathways in Ring-Strained Disilanes

Building from the demonstration that the ring strain in a
silacyclobutane allowed a stable electrical contact to form, we
have been exploring the impact of a different kind of ring strain
on disilanes by synthesizing and characterizing disilaacenaph-
thenes equipped with thioanisole anchor groups.59 We found
that whereas the trans diastereomer (trans-Si2Naph) displays only
the expected low G sulfur-to-sulfur pathway, the cis diastereomer
(cis-Si2Naph) shows a prominent high G pathway as the primary
conductance band along with a minor low G, sulfur-to-sulfur,
peak (Figure 7). A novel bipodal binding mode wherein both
thioanisole groups coordinate to the gold substrate would
significantly reduce the entropic cost of establishing an otherwise
too-weak-to-form electrical contact between the strained Si−Si
bond and the gold electrode. Such a contact may be understood as
a σ-complex and strongly suggests that we are observing a direct Si
to Au contact in single molecule circuits, similar to what has been
observed in Au-mediated organosilane reaction chemistry.60

3.3. Stereoelectronic Switching

Oligosilane and oligogermane with methylthiomethyl (CH2SMe)
linkers (from section 2) display a unique mode of molecular
switching when probed by an STM-BJ platform.47,61 We term
this phenomenon stereoelectronic switching because it originates
from the stereoelectronic properties of the sulfur−methylene
σ-bonds. The strongly coupled Si−Si and Ge−Ge σ-bonds enable

Figure 5. (A) Schematic of Si−Si bond rupture under applied voltage. The conductance occurs through an alternate pathway upon bond rupture.
(B) Unlike the linear disilane (red), the cyclic disilane (purple) yields a new conductance plateau upon bond rupture.

Figure 6. (A) Schematic of strained silane with both a high and a low
conductance pathway. (B) 2D histogram with two distinct conductance
states at specific tip−substrate electrode distances. Inset: individual
traces demonstrating two-state conductance switching.

Figure 7. (A) 1D (left) and 2D histograms (right) that show distinct conductance states for cis-dithioanisole−disilaacenaphthene. (B) Schematic for two
binding modes that give rise to the two low- and high-conductance states.
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this mode of switching because they electronically couple the
behavior of the linker groups at each end of the molecule. We will
focus here on the oligosilane system, though these effects are even
stronger in the oligogermanes, due to the stronger coupling in the
Ge−Ge backbone.
Unlike most molecular junctions where conductance

decreases as the molecular junction is elongated, the molecular
systems Si1−Si10 show an abrupt jump from a lower to higher
conductance upon elongation (Figure 8A). The molecular
switching process we observe here is robust and reversible and
can be exercised in real time (Figure 8B).We found that we could
switch between a high G state and low G state by elongating or
compressing the molecular junction by 2 Å. Furthermore,
we found that our junctions behaved as better and better switches
with each successive compression−-elongation cycle, where the
average conductance difference between the two states increases
after each cycle. These cycles mechanically anneal the electrodes
into an optimal structure for stereoelectronic switching and
enable the junction to distinguish molecular conformations with
more clarity.
The molecular switching in Si1−Si10 is caused by a

stereoelectronic effect of the two terminal dihedral angles
(H3C−S−CH2−SiMe2-) that couple the molecule to the gold
electrodes. These terminal dihedral angles should be particularly
sensitive to changes in the molecular junction length because
of the torque exerted on the molecule by the electrodes via the
sulfur lone pair. There are two significant observations that
support our argument. First, for all oligosilanes Si1−Si10, the
conductance changes by a factor of 2 regardless of the oligosilane
chain length. Second, the length of the conductance plateau
corresponding the low conductance state increases from Si1 to
Si10 (1 Å for Si1 to 10 Å for Si10) while that of the high G state
stays relatively constant (1.5−2.0 Å). This consistency in the
switching ratio and high G length across the entire oligosilane
series suggests that the high G state arises from a molecular
feature that is common to all oligomers like the stereoelectronic
nature of the terminal dihedrals and not from the rotation of
internal Si−Si−Si−Si dihedrals.
DFT-based analysis of a Au−Si4−Au model system reveals

that there are two distinct Me−S−CH2−SiMe2 dihedral geo-
metries: an anti geometry where the Me group is antiperiplanar
(Au atom is orthogonal) to the SiMe2 group and an ortho
geometry where the Me group is orthogonal (Au atom is
antiperiplanar) to the SiMe2 group. Each terminal Me−S−CH2−
SiMe2- dihedral angle that couples the electrode-linker orbital
into the σ framework acts as a gate to control conductance.

At short interelectrode distances, steric strain predisposes the
S−methyl bond in the anti geometry (Figure 8C) to minimize
steric repulsion between the bulky S−methyl and the SiMe2 groups.
As the junction elongates, mechanical strain pulls the S−Au bond
into the ortho geometry (Figure 8C) to adopt the longest possible
molecular geometry−this geometry also maximizes conductance.
The subangstrom level of control facilitated by the STM-BJ
technique allowed us to manipulate these specific dihedrals in the
molecular junction. As a result, the molecular conductance can be
increased or decreased simply by elongating or compressing the
molecular junction. These studies also reinforce how the principles
of physical organic chemistry can be applied to create single
molecule electronic devices.

4. SUMMARY AND OUTLOOK
These studies detail a rich, new vein of research in the single
molecule conductance of silicon- and germanium-based systems.
The rotatable bonds in these systems allow access to low- and
high-conductance through mechanically enforced quantum
interference. One could imagine that the mechanically triggered
conductance switches described here may serve as useful
scaffolds for devices that essentially serve as molecular strain
gauges that report on molecular scale force events. Holding the
silanes in well-defined conformations in cages and cycles will
provide interesting results that further expand the comparison
between bulk silicon and single molecule devices by testing
larger fragments. It is also clear that the contact between these
wires and the electrodes is important. One area of exploration is
how the more reactive stannanes, which are known to bond
directly to gold electrodes in the STM-BJ, can be incorporated
into these molecular systems.62 We are also exploring how we
can effectively “dope” our wires with appropriate substituents
pendant to the silicon or germanium chains. Finally, we envision
that many more conformational switches will be developed for
these systems that share the same tetrahedral bonding geometry
as alkanes. We imagine that the numerous stereoelectronic
models proposed for understanding the reaction chemistry of
alkanes can be similarly applied to silanes to create new types of
conductance switches.
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