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junction (STM-BJ) technique.7 Point contacts between the Au
tip and substrate electrodes are repeatedly broken and formed
in a solution of the target molecule at room temperature and
low voltage (225 mV). After the Au−Au point contact is
broken, aurophilic thiomethyl groups8 on the molecule bind to
undercoordinated gold atoms to form Au−molecule−Au
junctions. Conductance (current/voltage) is measured across
the gap as a function of tip−substrate displacement (Δx), and
the resulting traces reveal molecule-dependent plateaus
signifying junction formation with conductance values below
G0 (2e2/h), the quantum of conductance describing a single
Au−Au contact.9 Junctions form and break thousands of times,
and we analyze the measured traces using one- and twodimensional histograms10 as detailed below.
The results from STM-BJ measurement of 1 in 1,2,4trichlorobenzene demonstrate four unique characteristics that
are unlike any molecule we have ever measured. First, as we see
from a two-dimensional conductance-displacement histogram
shown in Figure 1a, we have two distinct conductance states
that diﬀer by an order of magnitude. This diﬀerence is
signiﬁcantly greater than we previously observed for 4,4′bipyridine.11 We deﬁne the region around 4.2 × 10−4 G0 as the
high G state and the region around 4.0 × 10−5 G0 as the low G
state. Sample conductance traces have plateaus at these
conductance values, as shown in the inset. Second, we note
that both high and low G states occur directly after the Au−Au
contact rupture (Δx = 0); yet, a high G junction can only
sustain a 0.4 nm elongation while a low G junction can sustain a
0.6 nm elongation. Since junction elongation length correlates
with the conduction path length,12 we hypothesize the
conduction path in the high G state is shorter than in the
low G state.

ABSTRACT: Here we demonstrate for the ﬁrst time that
strained silanes couple directly to gold electrodes in breakjunction conductance measurements. We ﬁnd that strained
silicon molecular wires terminated by alkyl sulﬁde
aurophiles behave eﬀectively as single-molecule parallel
circuits with competing sulfur-to-sulfur (low G) and sulfurto-silacycle (high G) pathways. We can switch oﬀ the high
conducting sulfur-to-silacycle pathway by altering the
environment of the electrode surface to disable the Au−
silacycle coupling. Additionally, we can switch between
conductive pathways in a single molecular junction by
modulating the tip−substrate electrode distance. This
study provides a new molecular design to control
electronics in silicon-based single molecule wires.

T

his manuscript unveils the characteristics of strained
silicon in single molecule electrical devices. Current stateof-the-art integrated circuits incorporate strain in the silicon
crystal lattice to improve charge mobility and channel
conductance. As electronic devices continue their ultraminiaturization,1−5 understanding the eﬀects of strain in
molecular versions of silicon will be crucial. In this study, we
incorporate the strained silacyclobutane ring into a molecular
wire (1) to investigate how silicon ring strain manifests in
molecular conductance. Previously, we found that permethylated oligosilanes with alkyl sulﬁde contacts at both ends of the
molecule conduct through a single pathway from sulfur to
sulfur.6 Here, we demonstrate that silane 1 conducts not only
from sulfur to sulfur (red, low G pathway) but also from sulfur
to silacycle (blue, high G pathway). The latter pathway arises as
a consequence of the signiﬁcant strain of the silacycle.
Additionally, we ﬁnd that we can control the pathway through
which conductance occurs and thereby switch between two
distinct conductance states.
We synthesize 1 from 1,1-dichlorosilacyclobutane and 4(methylthio)phenylmagnesium bromide (synthetic details and
characterization are described in the Supporting Information
(SI)). We grew single crystals suitable for X-ray diﬀraction from
methanol vapor diﬀusion into a solution of 1 in 1,2,4trichlorobenzene (TCB). The bond angle about the aryl
carbons and silicon atom describes a standard tetrahedron
(109°) while the silacyclobutane ring is signiﬁcantly distorted
(CH2−Si−CH2, 79°). We measure single-molecule conductance using a scanning tunneling microscope-based break© XXXX American Chemical Society
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nearly identical to that of dimethylsilane 2 (Figure S4).6 We
hypothesize that the high G state represents a junction where
current ﬂows between one of the sulﬁdes and the silacycle
(Figure 2a). This junction geometry is consistent with the
shorter elongation length of the high G state. Furthermore, it
explains the lack of the high G peak in 1-bromonapthalene. We
have previously shown that 1-bromonaphthalene binds much
more strongly to undercoordinated Au sites relative to
chlorinated and ethereal solvents.14 Accordingly, the absence
of the high G state suggests that bromonapthalene molecules
are preventing the formation of the weak Au−silacycle contact
in the high G geometry. This Au−silacycle interaction must also
be weaker than the Au-SMe linkage because the low G state is
unaﬀected in the 1-BN experiment. Indeed, we ﬁnd that the
Au−silacycle conduit is too fragile to form on its own, as
monosulﬁde 3 has no measurable conductance (Figure S5).
The secondary Au−SMe linkage is therefore necessary to
organize the silacycle onto a nearby Au atom. Because the Au−
silacycle interaction is easily disrupted, the high G state only
occurs if the Au atoms that span the auxiliary sulﬁde and
silacyclobutane linkages are uncoordinated, thus explaining the
concentration dependence in trichlorobenzene: at high
concentrations, there are signiﬁcantly more Au atoms
coordinated by stronger sulﬁde linkages and, therefore, a
lower probability that the high G junction geometry can be
accessed (Figure 2b).

Figure 1. (a) 2D histogram of the ﬁrst 5000 traces of 1 (1 mM TCB)
with selected sample traces (inset). (b) Single-junction elongation
(left) and compression traces (right) showing switching events. The
black dotted line denotes the piezoelectric motion while the red solid
line shows the conductive response. (c) 1D histogram tracking
sequential sets of 5000 traces (20 000 total) to show peak evolution
with increasing concentration. (d) 1D histogram of 1 in 1-BN solvent
(1 mM), compared with TCB (10 mM).

Third, we ﬁnd that we can induce switching from the high to
low G state reliably; however, the reverse occurs infrequently
(see SI for more detailed analysis). To switch from a high to
low G state (elongation), we ﬁrst form a high G junction and
then pull the junction an additional 0.2 nm as shown in Figure
1b. We ﬁnd that, with this modiﬁed ramp, 65% of the traces
switch from high to low G, 12% stay in high G, and 23% break.
To switch from low to high G, we form a low G junction, then
compress the electrodes by 0.2 nm. The fraction of traces that
switch from low to high G is small (13%). Under compression,
the majority of measured traces remain in the low G state,
indicating that the high G state is not easily accessible once the
low G state is formed.
The fourth and most surprising distinction between 1 and
other molecular wires demonstrating multiple conductance
states11−13 is that the ratio between the high and low G states is
concentration-dependent. The one-dimensional conductance
histogram in Figure 1c shows that as solvent evaporates over
time, the high G peak diminishes as the low G peak grows in.
This eﬀect is reversible: replenishing the solvent subsequent to
evaporation restores the initial peak distribution (Figure S1).
We ﬁnd the high G peak is more intense in dilute solutions (1
mM) whereas the low G peak is more intense in concentrated
solutions (10 mM) in both trichlorobenzene and trimethoxybenzene solvents (Figures S2 and S3). At 1 mM in 1bromonapthalene (1-BN) however, the high G peak is
conspicuously absent (Figure 1d, red).

Figure 2. (a) In dilute conditions, an auxiliary sulfur group organizes
the Au−silacycle conduit. (b) At higher concentrations, more
molecules assemble on the electrode surface and the weak Au−
silacycle conduit is more easily displaced. (c) A schematic explaining
the nonadiabatic nature of single-junction switching.

The switching statistics from the elongation and compression
experiments are also consistent with this explanation. Switching
from high to low G is frequent (65%) because the molecule is
easily pulled out of the Au−silacycle interaction to the more
stable low G conformer at Δx = 0.6 nm. Switching from low to
high G is less frequent (13%) because there is poor incentive to
form the Au−silacycle complex, as there are other geometries
the low G state can adopt at Δx = 0.4 nm (Figure 2c). This
model for our high G state is also supported by the ﬁndings of
others15,16 who have shown that ethynyltrimethylsilanes form
self-assembled monolayers on gold surfaces through Au−silane
interactions.

We attribute the low G state in 1 to sulfur-to-sulfur
conductance because its conductance-displacement proﬁle is
B
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The Au−silane conduit observed here is speciﬁc to highly
strained silicon rings. The STM-BJ measurement of less
strained silacyclopentane 4 (CH2−Si−CH2, 96° [DFTcalculated; see SI]) gives a single conductance peak at 5.1 ×
10−5 G0 corresponding to the low G state and analogous to
dimethylsilane 2 (Figure S6). We also ﬁnd this high G state is
not a generality of strained four-membered rings. All-carbon
cyclobutane analog 5 gives a single conductance peak (1.7 ×
10−4 G0) close in magnitude to that for bis((4-methylthio)phenyl)methane (1.2 × 10−4 G0 (Figure S7)). Cyclobutane 5 is
signiﬁcantly strained, with a ring angle of 87° in the crystal
structure. The fact that cyclobutane 5 does not yield a
secondary conductance state highlights a fundamental diﬀerence between carbon and silicon: though 1 and 5 are
structurally analogous, the electronics of strained silicon enables
coupling between the gold electrode and silacycle.
Conductance in these molecular systems typically occurs
through tunneling, which is strongly distance dependent.5 The
Au−silacycle interaction provides a shorter conduit relative to
the distal methyl sulﬁde, thereby enabling high conductance
even in structures that do not typically conduct. Previously we
demonstrated that tetramethyldisiloxane 6 does not form
conductive junctions because the oxygen atom disrupts
delocalization across the molecule in the orbital most
commonly ascribed to S-to-S conductance (HOMO).6 DFT
calculations show that the HOMO of bis(cyclobutyl)disiloxane
7 is similarly localized on one end of the molecule (SI). We ﬁnd
that disiloxane 7 gives a high G peak (2.5 × 10−4 G0) that
strongly diminishes with increasing concentration (Figure S8).
These results can be rationalized if the silacycle is an electronic
contact that opens an alternative conductance pathway.
We ﬁnd that steric encumbrance near the silacyclobutane
disables the Au−silacycle interaction and suppresses the high G
state. We install ortho-methyl groups in silacyclobutane 8 to
simultaneously frustrate arene rotation17,18 and restrict the Au−
silane interaction. Accordingly, the STM-BJ measurement of 8
yields a single, sharp, low G peak (7.6 × 10−5 G0, Figure S9).
We can also tune the high G state’s sensitivity to concentration
by modifying the structure of the gold-molecule chelate. Butyllinked 9 gives both high (3.1 × 10−4 G0) and low G (1.8 × 10−5
G0) peaks at 1 mM (Figure 3a). As solvent evaporates, the high
G peak in 9 disappears entirely (darkest blue line) and
resembles the analogous dimethylsilane 10 (2.6 × 10−5 G0).
This is in contrast with 1, where the high G state is still
accessible at higher concentrations. Like 1, we ﬁnd the high G
peak in 9 re-emerges when solvent is replenished. These
molecules demonstrate that the behavior of the high G state
whether it diminishes completely or does not appear at all, can
be tuned by changing the linker structure.
To elucidate the conductance mechanism in these
monosilane systems (and particularly the strained silanes), we

Figure 3. 1D histograms of 9 and 10; (b) 11 and 12. (a) For 9, the
lightest line compiles the ﬁrst 2000 traces while the darkest line
compiles the last 2000 traces over 15 000 traces.

synthesized 11 and 12 with meta-thioanisole linkers. Previous
studies have shown that molecular wires with meta-substituted
linkers are poor π-conductors due to quantum interference
eﬀects,19−22 in which the nodes at the meta-position prevent
the distal sulfur pπ orbitals from coupling through the
molecule. Our own investigations of oligoenes,21 inorganic
clusters,23 ﬂuorenes,24 and longer silanes (Figure S10) have
shown that while molecules with para-substituted thioanisole
linkers strongly conduct, meta-substituted linkers yield little to
no conductance. In the monosilanes studied here, we ﬁnd that
the magnitude of conductance is not signiﬁcantly aﬀected by
whether the thioanisole linkers are para- or meta-substituted.
Meta-linked 11 gives two sharp conductance peaks (2.7 × 10−4
G0, 1.4 × 10−5 G0) similar to the high and low G states for 1
(Figures 3b, S11). Dimethylsilane analog 12 furnishes a single
peak (1.7 × 10−5 G0) similar to the low G state in 11.
Conductance in 11 and 12 implies the σ-framework is the
dominant conduit for diarylmonosilanes. The presence of the
high G state in 11 further suggests the strained silane ‘shorts’
end-to-end conductance.
The silacyclobutane family is useful in silicon-directed
organic synthesis. The Lewis acidity at the silicon center
activates an array of organic transformations that are otherwise
diﬃcult to achieve with unstrained silanes.25−27 This Lewis
acidity implies that the Si−C bond is strongly polarized toward
the carbon. We speculate that it is these vicinal carbons or
polarized Si−C bonds that contact the gold electrode and
propose that the Lewis acidic properties of silacyclobutanes in
organic reaction chemistry manifest here as a new conductance
state. Drawing such an analogy between reaction chemistry and
molecular electronics opens the possibility that the vast store of
synthetic methodology can be applied to create new types of
molecular devices.
We demonstrate here for the ﬁrst time that strained silanes
couple directly to gold electrodes. This coupling enables
strained silicon molecular wires with alkyl sulﬁde leads to
conduct through two distinct pathways: sulfur-to-sulfur and
sulfur-to-silacycle. We ﬁnd that the molecular wire ‘chooses’ its
conductive pathway based on the surface environment of the
Au electrodes. Furthermore, we can controllably switch from
the high to low G state in a single junction by modulating the
tip−substrate distance. Our studies here uncover the electronic
eﬀects of straining silicon at the molecular level and provide a
foundation for the realization of strained silicon molecular
components.
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(16) Marqués-González, S.; Yufit, D. S.; Howard, J. K.; Martín, S.;
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